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FOREWORD 
This  volume (Volume 11) of t h e  proceedings  of t h e  GEOS-2 
Program Review Meeting he ld  a t  NASA Goddard Space F l i g h t  Cent.er 
on 22-24  June 1970 p r e s e n t s  t h e  r e s u l t s  t o  d a t e  of t h e  Goddard 
Space F l i g h t  Center  t r a c k i n g  intercomparison t e s t s  conducted 
wi th  GEOS-2 .  T h e  volume i s  composed of a  s e r i e s  of t e c h n i c a l  papers 
prepared  by v a r i o u s  i n v e s t i g a t o r s  on t h e  t r a c k i n g  intercomparisons  
conducted us ing  t h e  o p t i c a l  and e l e c t r o n i c  subsystems on t h e  GEOS-2 
s p a c e c r a f t .  
John Berbe r t  
GSFC 
P r i n c i p a l  I n v e s t i g a t o r  
COMPARISON OF C-BAND, SECOR, AND TRANET 
WITW A COLLOCATED LASER ON 35 TRACKS OF GEOS-2 
Prepared for the GEOS-2 
REVIEW CONFERENCE 
June 22 - 24, 1970 
H .  Parker 
D. Carney 
J .  Berbert 

COMPARISON OF C - B A m ,  SECOR, AND TRAMET 
WITH A COLLOCATED U S E R  OM 35 TMCKS OF GEOS-2 
IFP, Parker, D. Carney, J. Berbert 
As part of the GEOS Observation Systems Intercornparison Investigation at Goddad,  
several. of the geodetic satellite t rackhg systems used with GEOS-2, heluding the GSFC 
a p ~ e r b m t a l  Laser (GODUS), an Army SECOR, and a Navy TRChNET, were moved to the 
NASA Wallops Eslmd shtion m d  locat& near the FPQ-6 and FPS-16 C-band radairs there, 
Simultaneous t r a c h g  of GEOS-2 by all these systems was accomplish& du rhg  April, May, 
and June 1968, to enable comparisons of the tracking data freed from the effects of un- 
cer taht ies  in surrrey, in the ~ a v i t y  field, m d  h systems t h e  synchronization. Reference 
orbits were determhed from the Laser data. Comparison of tsackbg data from the radio 
trackiuag systems w i a  the 35 Laser reference orbits yielded residuals from which zero-set 
m d  B h b g  biases were derhed for each system. Preliinainary results for  the first 10 passes 
of s h u l w e o u s  t r a e b g  of GEOS-2 were doemented h X-514-68-458, q8"eomparison of 
C-Band, SECOR, and TmMET with a Collocatd Laser on 10 tracks of GEOS-2"",da$& 
November 1968. These r e s d t s  were presented lo  the GEOS-2 C-Bad Project Technical 
Conference at  WTR in November 1968 and to the NationaP Fall Meeticng sf  the AGU in 
Decelnber 1968. 
ABempts to a c e o u t  for the varioue system anoml ies  rewrfted in Hz-514-68-458 led 
to the followhg changes to the data sets. 
as, m e  CDC-3200 Computer C-Band Preprocessing program was rewriaen 
for the IBM 360 computer m d  w p a n d d  to helude the com~ta t ia ln  of 
the calibration cons t a t s  . 
e All the SECOR d a b  were correct& by the Army Map Serarice for a scale 
factor error .  
@ All'the TMNET data were corrected by the Naval Weapons Laboratory 
for a Base Freqiaaeney Cornpubtion error .  
The effects of these e k n g e s  to the data were analyzed for the same 10 GEOS-2 
passes a d  reported to the National Sgrhg  Meeting of the AGU h April 1969. msequently,  all 
35 coincaent User m d  radio t r a c b g  system p s s e s  were analyzed w i a  the data modgi- 
cation8 h c l ~ d ,  atnd the rsladte enre &cs topic of &is remr9;. 
TTh 335 Lases reference orbits were computed in the NONAME program using a priori 
measwement sigmas for relative data weighthg of 2 meters for range and 200 a rc  seconds 
for both a z h u &  and elevation. The NONAME program was developed for  Goddard orbital 
studies m d  operates on the PBM 360 computer. Laser tracking data a r e  summarized in 
Table 1 ,, which gives the date, the coincident data, the time span and number of Laser range 
measurements, send the values of range and elevation at the start,  end, and at  the point of 
closest approach (PCAI) for each of the 36 passee. 
'The NONAME zero-set and timing bias recovery runs used tightly constrained 
orbital {elements as determined by the Laser and assumed t h e _ a ~ r i o r i  estimates of measure- 
m a t  and bias s i p a s  s h o w  below. The a priori estimates of measurement sigmas were 
chosen to approxhate  W l q p s t e r i o r i  estimates resulting from the previous 10 pass studies. 
The b h s  s s t h a t e s  were intentionally left unconstrained, except for the TRANET 
time bhs ,  which was constrahed due to the high correlation between the TRANET time and 
zem-set bialeaes for these relatively short passes. 
MEASUREMENTS 
FPQ-6 MNGE 
FPQ-6 AZIMUTH 
FPQ-6 ELEVATION 
FPS-16 RaNGE 
FPS-16 AZIMUTH 
FPS-16 ELEVATION 
SECOR EBANGE 
TWNETRANGERATE 
RANGE 
ANGLE 
RANGE RATE 
TgeANET TZME 
TrnE 
1.0 METER 
30 ARC SECONDS 
12 ARC SECONDS 
1.5 METERS 
50 ARC SECONDS 
20 ARC SECONDS 
2.0 METERS 
4 'CM/SEC 
1000 METERS 
1000 ARC SECONDS 
1000 CM/SEC 
0.2 MILLISECOND 
1 SECOND 
The results of the system intercomparisons, with anomalous data rcmov-o, I 6. 
summarized in Table 2,  which gives dhe sample size ( n m b e r  of coincident passes), and 
the average RMS noise, zero-set and t h i n g  biases a s  well a s  the total RMS of the resld~azls 
about the Laser orbits for each of the radio tracking systems. 
The time history of the derived zero-set biases over the duration of the experiment 
ss given in Fimre  1 for the r a g e  biases of each of the ranging systems and in Figure 2 for  
the TWNET range rate biasss. 
The AM/FPQ-~ radar is  a centroid tracker, and any difference in the pulsewidth 
used for cal&ratisn and the pdsewidth experienced in tracking will result in a amge bias 
error .  For GEOS-2 c o m b h d  beacon/skh tracks this resulted in a 30 meter error in the  
beacon data. For these tracks, the skin track data near the center of the pass was removed 
and the beacon track data was corrected by adding 30 meters. The consistent SECOR range bias 
is larger than expected and still not explained. However, if the bias drift indicated in 
Figure 1 is a t r a p l a t e d  Iheasly to earlier times, the resulting bias would be near 0 meters 
just prior to lamcb. The TMNET data is submitted to the GSDS for both. a low-frequency 
(B62:324 MHz) and a high-frequency (324:972 MHz) pair. In this study the tvii.0 frequency 
pairs were treated a s  two distinct stations. After the first several weeks of operation the 
variations in TMNET were markedly reduced. 
h sulllmaffy, the results with all 35 of the WICE passes have the same general 
characteristics for the C-Band and SECOR data a s  reported earlier for the first 10 passes. 
The prepmcesshg changes noted in this report caused the C-Band bias values for a few 
passes to shjift by several meters and c a u s d  the SECOR bias to be more negative by about 
2.5 meters on all passes. m e  preprocessing changes in the TWNET data r d u e e d  the 
previous b h s e s  from 15.6 and 17.6 cm/sec to -3.4 and 1.5 cm/sec. 
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Goddarcl Space Flight C e n t e r  
P r e p a r e d  f o r  the 
GEOS-2 REVIEW CONFERENCE 
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GREENBELT,  MARYIJAND 
*Previously  prcsentcd t o  thc National F:ill AGU h'lccting i n  San  F r a n c i s c o ,  
Dcccinhcr  , 1969. 
CARNARVON 
LASER COLLOCATION EXPERIMENT 
(CALACO) 
J. H. Berbert  
J. M. Hlavin 
INTRODUCTION 
In December, 1968, the Goddard mobile l a s e r  was shipped to Carnal-vsn, 
Australia,  for  the purpose of evaluating the accuracy of the Goddard Rarnge and Range 
Rate (GRARR) System and the FPQ-G 6-band radar.  An ear l ie r   laser/^^^^^ inter- 
comparison a t  the Rosman, North Carolina, station using GEOS-1 resulted in sevcrali 
recommendations for  improving the GEOS-2 GRARR data. (I) This second laser/ 
GRARR tes t  was needed to evaluate the improved GRARR data and to establish that the 
laser could support both day and night tracking a t  a remote site.  At Carnarvon, the 
station code for  the mobile l a s e r  was CRMLAS, and for  the  GRARR si te  it was 
CARVON. 
The l a s e r  arr ived at the Carnarvon si te  in  January, 1969. Setup operat-ions 
were started immediately after a r r iva l ,  and the f i r s t  t rack was made on February 6, 
1969. 
The l a s e r  tracking system placed a t  Carnarvon uses  an  intense, highly colli- 
mated, short-duration light beam for  illuminating the spacecraft being tracked, At the 
spacecraft,  the beam is reflected back towards the ground station by an array of eubi- 
eal corner reflectors. The returning light is photoelectrically detected, and i ts  travel 
time is measured to yield the range data. The data ra te  for  the l a se r  was 1 meastare- 
ment per  second in range, azimuth, and elevation. 
The GRARR system is a precision spacecraft-tracking system that determines 
range using sidetone ranging tecl~niques. The range ra te  is determined using coherent 
Doppler principles. Each GRARR station uses an S-band system in conjunction with a 
I-, 2-, o r  3-channel transponder on the spacecraft being tracked. The data sate for  
the GRARR was 1 sample per  second in range and range rate. 
Data from the C-band rada r  system were not available for  this report .  
During the period from February 6 t o  May 316, f 969, 94 l a s e r  tracking passes 
were made, However, 'the data from only 84 of these passes were available for  this 
r e  The additional data from the other passes will be included in a l a t e r  report.  
Of the 84 l a s e r  tracking passes investigated, 54 occurred during the day (sun 
elearation angle above -10') and 30 occurred a t  night. These acquired data demon- 
atrated that the laser could be  r e w l a r l y  used for  both day and night tracking when 
STmAM Ninitrack data a r e  used fo r  initial spacecraft acquisition. 
There were  57 simultalmeous G R A ~ R / l a s e r  tracking passes during the tes t  
period. During the preprocessing and validation of the GRARR data, it was found that 
the range d a b  taken April 29, 1969, contained a systematic e r r o r  due to  an intermit- ! 
tent hardware failure. The range time interval decade counter which counted hundreds 
of nanoseconds failed in  that it indicated a zero  whenever a seven should have been in- 
&eated, Therefore, approximately 10% of the range measurements contained a 700- 
nanosecond e r r o r ,  equivalent to a 105-meter bias. The remaining 90% of the range 
data and all of the range ra t e  data did not appear t o  be affected by the failure. How- 
eTaer, since there was a known hardware problem, data from the 13 GRARR passes 
after Apri l  229, 1969, were  discarded, and a se t  of 44 GRARR tracking passes were 
considered in this  investigation. The analysis of the additional GRARR passes will be 
included in a l a t e r  report.  
The GEOS-2 spaeecr& has a 2-ehannel S-band transponder that is used in con- 
juncticnipd with the ground equipment. During the course of this experiment, both trans- 
p n d e r  ebnnells were used and evaluated; transponder channel A (1.4 MHz) was used 
for 12 GEOS-2 passes,  and transponder channel @ (3.2 MHz) was used fo r  32 GEOS-2 
passes. C b n n e l s  A and C! of the GRARR operate on up-link frequencies of 
2271,9328 MHz and 2270.1328 MHz, respectively. 
DATA - ANALYSIS: 
The raw laser .da ta  were preprocessed by the Optical Systems Branch a t  GSFC 
and deposited in the Goddard data center. The following systematic corrections were 
applied to the l a se r  data. 
a, Range and elevation data were corrected fo r  refraction. 
b, R a w e  zero-set system delay correction svas added. 
c ,  a t l i e r s  were removed a t  the five sigma level. 
The GRARR station clock was synchronized to the cesium time standard,, and 
the l a s e r  station t ime was maintained by the rubidium seconclary t ime standard, The 
difference between these two standards was l e s s  than 0.1 millisecond fo r  the passes 
considered in this report. 
F o r  data comparison purposes, it was assumed that there were no systematic ) e r r o r s  in the l a s e r  range measurements. However, there may be a bias of up to 2 me- 
\ ters in  the l a se r  da ta(2) ,  and this should be  taken into account in  evaluating the test 
/ results.  
1 The raw GRARR data were  preprocessed with the following systema,tie eorrec- 
(3) 1 tions applied . 
! a. Range and range ra t e  data were corrected for  refraction. 
I 
I b. Range zero-set transponder delay correction was added. 
c. Range and range ra t e  data were  corrected fo r  antenna offset. 
d. Range outliers were removed a t  the 10 sigma level. 
e. Station range zero-set bias was removed electrollically by the station 
operator prior  to each pass by matching survey and measured range, 
A careful check was maintained on the GEOS-2 transponder and GRARR ground 
station master  oscillators. A smal l  long-term (6 month) drif t  was noted in  the on- 
board transponder oscillator. However, a preliminary analysis of the transponder 0s- 
cillator drift indicates that it would not be detectable in the measurements talcen during 
this experiment. 
The procedure used to evaluate the GRARR data was to fit a short-are orbit to 
the l a s e r  range, azimuth, and elevation measurements using a weighted leas t  squares 
criterion. GRARR and l a s e r  residuals from the short-arc orbit were then computed 
and their statistics were  tabulated. The GSFC NONAME '4) orbit  determination pro- 
g ram was used in  this analysis. The - a relative weight assigned to the orbital 
elements and the range, azimuth, and elevation measurements i n  forming the short- 
a r c  orbit a r e  given in Table 1. The weights shown leave the orbital elements essen- 
tially unconstrained, allowing them to adjust to fit the l a s e r  data. 
The GRARR range and range ra te ,  and l a s e r  range, azimuth, and elevation re- 
siduals about the l a s e r  reference orbit were computed for  each short-are, Because 
the GRARR data were edited such that they were within the l a s e r  time span, there was 
no eac'trapolation of the short-arc orbit used in determining the GRARR residuals,  The 
direct result of this procedure i s  to rninin~ize any e r r o r  contributecl by the short-arc 
orbit, 
Table 1 
Orbital Element and Laser  iMcasurements Wcight Factors  
Parameter  1 Weight Factor 
Position (X, Y,  Z) 
Laser  azimuth 
L a s e r  elevation k200 a r c  seconds 
2 I GRARR range I Not uscd in orbit formation 
2 GRAHR range and range ra t e  I Not used in orbi t  formation 
The mean and r m s  values of the residuals were calculated on a per  pass basis.  
The rnis values derived in the above runs a r e  about the l a s e r  orbit  and a r e  indicative of 
the total error  in the GRARR System (systematic e r r o r s  plus noise). The detailed pcr  
pass statistics of the range and range ra te  measurements a r e  shown in Tables 2 and 3.  
The first column in Tables 2 and 3 ,  EPOCH, gives the yea r ,  month, day, and hour of 
the pass under consideration. The second column, ID, indicates a day o r  night pass 
by D o r  N, respectively, and indicates the GRARR transponder channcl, A o r  C ,  used 
when simultaneous data were taken. 
Average values and their variations for the r m s  and mean values of the range, 
range rate, azimuth, and elevation residuals with respect  to the l a se r  orbits for the 
44 GPdRR passes and the 84 laser  passes  were calculated and a r e  listed in Table 4. 
An examination of the l a se r  data given in Table 4 indicates that there was no 
essential difference in the l a se r  residual statistics between day and night tracliing. 
An examination of the GRARR statistics in Table 4 indicates an average range 
total rrns value of 7 .3  meters  and an average range ra te  'total r m s  value of 1. 7 centi- 
meters per second was established for  the 44 passes. The variation in the range ra te  
m s  value between the two transponder channels is not considered significant. How- 
ever, a significant difference in range rn ls  values between the two transpondcr chan- 
nels is indicated. It should again be noted that the average GRARR range and range 
rate rms  values a r e  from residuals about the laser  orbit ,  contain systematic e r r o r s ,  
a d  are representative of the total unmodelecl uncertainty in the GRARR measurements. 
F P O t H  ID* 
Table 2 
NONAME Rave Meaerurement Residual 
--- 
Mean and rme VaZuse in M e b r s , .  
- 
R A N G E  WEASVREMEM RB'ICUAL MEAN WD R M S  VALVES 
(VALUES IN METERS) .' 
1 
C C M L A S  C A R V D N  NCARVN '. CRML A S  CAR V3 IV 
ME A N  M E A N  M E A N  RM S  R M S  
0.8 
0.002 
-6.0 
0. 0 
Om004 
cb . 8 
Or001 
-0.0 
00008 
0.064 
-0 r 0 
-01001 
-0eQ04 
(3'30 
0mCOl 
Qm002 
0.6 
0.002 
O c O O B  
0 s  OD l 
-Om801 
-a00 
QeOOf l  
Qe Q 
-8.0 
CI. 06 IL  
0. Q 
0.005 
0.0 
-0.0 
-0e86S 
-0ePD09 
-0e0 
0.603 
0 0 Q 
-0.0 
-000OL 
-0. aoa 
0.001 
-0.006 
0 *0  
Or001 
0.0 
-0.0 
-0eOOB 
0.0 
-0,Q 
-0.0 
0 ~ 0 0 6  
-6.002 
0.000 
-800 
010 
A V F R A a E  o 
ST* 9 8 V o  
NO. O r  PASSES 
Table 2 
NONAME Range Measurement Residual 
Mean and rms Values in ~ e t e  1-8 (Gonf .) 
RANGE MEASUREMENT R ~ S ' X C U A L  MEAN ~ N D  R M S  VALUES 
(VALUES IN METERS) ,* 
i 
CRMLAS CARVON NCARV N ' .  CRML A S  CAR V 3 N  
ME AN MEAN ME A N  RM S R M S  
CAR K I N  
R M 5  
NCAH VN 
R M S  
NCAR VN 
R M  6 
+' I D  : T I M E  O F  PASS: 0 - C A Y *  N-NIGHT 
GRARR T  R A M P O N D E R  CI.ANNEL - A 3 A  C 
Table 3 
NONAME nang-e Rate Measurement Residual 
Mean and rnls  Values in Centi~neters per Second 
N C N A M i  R R A T 5  M E A S U Q E W E h T  
( V  A L U  cs 
R E S I D U A L  M Z A ~  A N 3  2 ' 4 s  V A L U E S  
I N  C M S / S c C  1 
C C G V O N  C 4 R V O N  
M E A N  R Y S  
C L R V O N  C A R V O N  
. M E A N  HY S 
A V E R 4 G C  0 e 6 C O  1.672 
S T .  3 E V m  0 - 8 5 4  C .  749 
hoe O F  PASSES 4 4  
* ID : T I H E  5F P L S S :  C - D A Y *  N - N  I G H T  
G K P E R  T P A h S P C N D E R  C l - A N N E L  - A 3 R  C 
Table 4 
Summary of Laser  and GRAWR Statistics About Laser  Orbit 
i 
I Nieasurement 54 Daylight 30 Nighttime I 84 ~ ~ a e k  Average ~~~~k A~~~~~~ Track Average 
1 Range mean 0.0+ 0.1 m 
Azimuth r m s  
Azimuth mean 
39. 1 a r c s e e  32. +16. a r e  see  29.0&18. a r c  sec  
0. + 1. a r e  see  0. + 1. a r c s e c  0. & I. a r e  s ee  
/  levat ti on r m s  22. +PI. a r e s e e  23. k 10. a r e  see  20. &11. a r c  s ec  il 5 I 1 Elevation mean (-9.  +14. a r c  see  -8. +16. a r c  s ee  -18. k11. a r c  s ee  
/ Range mean -5.0& 5.2 m -I.?'& 4.0 m -6.l+ 5.0 m 
, , 1 Range rate r m s  (total) 1 . 7 1  0.8 cm/seel 1 . 5+  0.5 cm/sec I.?'+ 0.8 em/sec 
An inspection of the GRARR residuals plots indicates that small systematic 
errors e ~ s t e d  within the GRARR data. An e r r o r  model consisting of rapge and range 
rate zero-set biases and a common station timing bias was selected to explain the ob- 
served systematic er ror .  The GRARR data were evaluated for a seeond time against 
the laser-determined short-arc orbits using the weighted least  squares technique and 
the above e r r o r  model to determine the true r m s  noise and bias values of the range and 
. --- - - - - - 
. 
range rate measurements. The relative weights used in these regression runs a r e  
listed fa Table 5. 
Table 5 
Weight of Orbit Elements, CRARR Measurements, and GRARR 
Biases Used in Regression Analysis 
*w a 1 GRARR range ra te  &I0 me&ers/second 
I 
I L*- GRARR time +I second 
, 
The ringe rms noise, range bias, range r a  .e rlns noisc, range rate b ias ,  ant1 
station tinling bias wcre computed for each pass. 
Average values and their variations for the GlEARR noise and bias g>a~*aralclcrs 
determined in the regression runs for the 44 passes were calculated and are listed in 
Table 6 .  
Table G 
Regression Analysis Results 
GRARR 44 Track Average Channel A (12 Track) Measurement Average 
Range bias 1 - 4 . 3 k G . Q m  1 -2.0 i - 4 . 0  m 1 - 5 . 2 i G a 5 m  
Channel C (32 Trael;sj 
Avcrags: 
Range rms  2.9 rt 0 . 2  m 3.0k  0.2 m 
Range rate rms  1 1.3 * 0 . 6  cm/sec 1 1.3 * 0 . 4  cm/scc I 1 . 3  i 0 .6  crn/scc 
-- - 
2.9 k 0,2 nr: 
Range rate bias 1.2 & 2.3 cm/sec 0.0 rt 0 . 7  em/sec 
Time bias 1 - 0 . 4  & 1.1 msec 0.2 * 0 . 4  msec - 0 . 6  ~t 1 . 2  msec 
The results of the e r ror  model regression runs listed in Table G corlld aceorlnt 
for the difference in the GRARR range rms  values between the two charurcls, Here i t  
is  noted that the range noise rms  values for both channels were the same (approxi- 
: i. 
rnatcly 3  meters). However, trie charnel A transponder had a -2.0-meter bias and 
the channel C transponder had t . 5.2-meter bias. The difference behveen the two 
transponder biases is  probably due to drift in the transponder electronics since i t s  
prelaunch calibration. 
The regression values of average range rate rms  noise given in Table G display 
no significant difference between the two transponder channels. 
Both the time bias average values in Table G and the variations al~ouk these 
values a re  unbelievably large. A s  noted earl ier ,  a very tight control was maintninecl 
between the station cloclis and on the GRARR system master oscillators. The iresults 
of this careful control should limit the pass-to-pass time biases to less t h a i  0 . 2  rnilPi- 
second. It was noted that for these short-arc passes, the time biases were deter- 
mined primarily by the range data and thus may be the result of some otbcr sysle- 
matic error  in the range data incorrectly modeled as  a time bias. 
The range ratc biases as  determined in the regression show a substantial 
difference between the two transponder channels. 1-Iowever, it should be pointed mat 
that therc i s  a high correlation between time bias and range rate bias for I l~e  sl~ort-nre 
geometry ~ l sed  in this intercomparison and that the extracted range rate bias for 
ch;~me1 C may be the result of the unlili;ely channel C time bias. The negative average 
time bias shown is in the correct direction and has about the sight magnitude to ac- 
count for most of the positive average range rate bias that is given. 
lit was concluded that the laser could support scheduled tracking, both day and 
night, at a. remote site, and the laser measurement statistics show no significant dif- 
fercnee between day and night tracking. The basic laser measurement statistics were: 
o Laser range rms  value . . . . . . . '. . 1.3 meters 
* Laser azimuth rms  value . , . . . . . 31. arc  seconds 
@ Laser elevation rms  values . . . . . . . 22. a rc  seconds 
h addition, it was concluded that the Carnarvon GRARR data had the following 
uncertainties: 
a 'Total range uncertainty of k7. 3 meters consisting of: 
- Zero-set bias of -2.0 meters for channel A 
- Zero-set bias of -5 .2  meters for channel C 
- Measurement noise level of 2.9 meters 
- Plus other systematic e r ro r s  (such a s  time bias, refraction, etc.). 
Totd range rate uricertainty of kl. 7 cm/sec coilsisting of: 
- Measurement noise level of 1.3 cm/see 
- Systematic e r rors  (such a s  zero-set bias, time bias, refraction, etc. ). 
The above results a r e  in substantial agreement with the earlier Rosman test, 
where the Rosman GRARR showed a range bias of -5.3 tt 12.4 meters, a systematic 
%-slhaped variation in the range rate residuals between &6 cm/sec, and a 2.1-ms time 
bias. 
The range measurement shows a small negative bias in both tests,  with varia- 
tions in the Carnarvon basis being substantially smaller. The systematic component 
of the range rate residuals and the time bias e r rors  determined by the regression runs 
are also stPbstantially smaller for the Carnarvon test than those determined at  Rosn~an. 
The S-shaped variation in the Carnarvon range rate residuals was absent in most of the 
passes and, when present, the effect was smaller than that documented in the Rosman 
test. The above results were probably due to the better control exerted over the sta- 
tion clock and over the transponder down-link oscillator as recommended in the Rosman 
test rcsult's, 
The above results augmented with the additional laser,  GRARR, and the 
Carnarvon C-band data will be published in more detail in a future rePo&. 
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INTRODUCTION 
---- 
The Goddard Experimental Laser (GEL) has been used since 1966 for participa- 
tion in geodetic data observation campaigns and for intercomparison with other geodetic 
tracking systems (References 1 ,  2 ,  and 3). In late 1968, the Goddard Mobile Laser 
(GML) became available. This afforded an opportunity to collocate and intercompare 
the GEL and the GML to help determine whether systematic errors  were apparent in 
&a data from either one. Since the GML was developed, it has participated in three 
such laser/laser intercomparison tests: twice with the GEL at Goddard and once with 
the SAO laser at Mt. Hopkins, Arizona (see Figure 1). 
This paper summarizes preliminary results from all three tests, The GML 
data were used for forming the reference short-arc orbits, since the GML data were 
common to all three tests. The resulting reference orbits were tightly constrained 
and used to determine SAO or  GEL measurement residuals from which the relative 
range biases and bias uncertainties were determined (see Figure 2). The - a " " 
weights of the orbital elements and the GML range, azimuth, and elevation mea!surc- 
ments , used in forming the short-arc orbits, are given in Figure 3. The - a a o r i  -GEB, 
rn~asurement and bias weights are given in Figure 4. 
In these tests, relative time biases were not derived because the l a s e r  system 
cli3~l<s were known to be synchronized to within 0.05 millisecond. 
RESULTS 
" -" 
\ 
A chronological plot of range bias of the GEL or SAO laser,  relative to the GML, 
i s  plotted for each pass of the three intercomparison tests: GORF 1 (see Fimre 5 ) ,  
ARLACO - Phases 1 and 2 (see Figures 6 and 7 ) ,  and GOLACO (see Figure 8). A sum-- 
mary of the average range noise and average relative bias over all passes withlin each 
intcl-comparison test is given in Figure 9. 
The large GEL rms noise value of 1.86 meters in the first laser intercompar ison 
test (GORP-1) was attributed to using an older refurbished ruby rod at least an inch 
shork r  the optimum 6 bches, The shorter rod results in a longer pulse, which 
lacreases the ms noise. All the GEL 6-inch ruby rods had been provided to the GML. 
The large and relatively stable 4.09-meter bias bemeen the GEL and the GML 
exhibited in the five GORF-1 passes was an order of mamitude larger than had been 
e~qected, A review of the calibration bc'hniques revealed that the GML boresight 
b w e r  calib~rations had been done near the threshold Bevels of the return pulse energy; 
whereas, the GEL calibrations were done near the expected return-pulse signal level 
from the saklllke. This would cause the GML system to trigger earlier on the higher- 
ener;gy r e h r n  pulses from the saklll te than on the calibration pulses, thus leading to 
--- - - - -- - 
short G M I  range measurements on the satellite and a positive relative range bias for 
the GEL with respect to the GMk as  observed (Reference 4). 
This explanation was proposed and accepted after the conclusion of the GORF-1 
test, The GML calibration procedures were changed accordingly, so that subsequent 
boreslgllist tower calibrations used a reRrna-pulse signal level that approximated that of 
the average satell tte retcnm. Udortunately, no test data were collected under the new 
proced~~res belfsre the GML was shipped to Carnarvon. 
ARLACO 
The next Baser intercornparison test (ARLACO) took place at Mt. Nogkins, 
Arizona, where the GML was collocated with the SAO laser. This test was run in two 
phases, The GML position was shifted approximately 10 meters between phases 1 and 
2 to provide data for evaluation of laser survey recovery capability. 
Some dEficulties were eqerienced in preparing for this test. The narrow road 
to the Mt, Hopkins site had to be in~proved in 52 places to transport the GML system 
to the site* Also, the GML system initially suffered from arcing due to the 8000-foot 
mrhg the ARLACO test, It was planned to measure the return-pulse signal 
level of both the GML and SAO lasers. However, for the GML system, it was not pos- 
sible to measure both the range and Ithe return pulse levels simultaneously, because 
the s i ~ a l - l e v e l  measuring devices interfered with the range measurements. 
For this test, preparations were made to analyze the results of the first  few 
passes as soon as possible in order to determine and correct any deficiencies. These 
precautions proved worthwhile, since quick-look analysis of the first pass data uncov- 
ered a 100:-millisecond time bias and a 5.5-meter range bias between the two lasers 
(not shown in Figure 6). The time bias was determincd to bc due to an intesltiolnal 
offset in the t ime tag of the SAO data which was overlooked in the pseproecssing of the  
data. A large par t  of the rangc bias,  4.8 meters ,  was duc to a change in  the SAO 
system internal delay since the previous calibration. These e r r o r s  were detected, 
verified, and corrected by the end of the second pass. 
At the conclusion of the ARLACO test ,  SAO preprocessed their laser  datn and 
submitted them to the National Space Science Data Center (NSSDC) a t  GSFC These 
a r e  the data denoted by the crosses  in Figures 6 and 7 and averaged in Figx~re 9. N o  
satisfactory explanation is presently available for the apparent 3.3-meter shift in bias 
between phases 1 and 2 ,  or  for the large outliers near the ends of both phases .  
The data denoted by crosses  within circles in Figxres 6 and 7 ,  and also aver- 
aged in Figure 9 ,  a r e  the SAO data that were corrected for refraction. These data 
had to b corrected,  since discussions with SAO indicated that the data in the NSSDC 
were  not corrected for  refraction (contrary to the refraction code indicator in lhe datn  
format).  Refraction corrected data subsequently were submitted by SAO to thc  NSSDC 
in June 1970, after these analyses were done. 
The data denoted by triangles in these figures a r e  the refraction-eorrectcd SAG 
. data compared with GML data using a constant 102.2-nanosecond internal-de1a.q calibra- 
tion ra ther  than the delay value measured for  each pass. The 102.2-nanosecond value 
i s  the average measured GML internal delay for  all the GOLACO passes ,  applied after 
the fact  to the GML data from the ARLACO passes. As can be seen, this constant  va1u.c: 
increases the fluctuations in the bias for the f i r s t  few passes  of phase 1 and deercnscs 
the fluctuations for  the las t  few passes  of phase 2. The motivation for us ing a constant 
value of internal delay for the GML data a r i ses  from the GOLACO test results wllielr 
a r e  explained below. 
The decrease in the GML (MOBLAS) r m s  noise from 1.23 meters  in th~:: GOJtF-l  
test to 0.99 to 1.06 meters  in the ARLACO and GOLACO tes ts  is thought to be due 
to correction of an instability in the receiver circuit shortly aftcr the G O R F - l  test,  
GOLACO 
The results  of the third laser  intercomparison tcst  (GO1,ACO) a r c  given in 
Figures 8 and 9. 
The decrease in the G E L  ( G O D U S )  m s  noise from 1.86 meters in the GORF-1 
test to 1 - 0 0  meter in the GOLACO kst Is attributed to replacing the shorter refurbished 
ruby rod witla an optimum length 6-inch rod and to various other circuit improvements. 
It is interesting to note what appears to be a correlation between bias results 
and the training of the operator responsible for the GML boresight tower calibration, 
Indicatisrg the somewhat subjective n a h r e  of the calibration. For  the f i rs t  three 
GOLAC0 passes,  the GME calibrations were done by a naember of the crew who had 
not previously had that responsibility. On about April 5th, the crew was retrained in 
the calibration procedures that were established at  the conclusion of the GORF-1 test. 
This coincided with a noticeable decrease in the bias for the next several weeks. From 
about April 25th through the end of the test ,  the newly trained calibration operator was 
replaced by another operator. This coincided with a noticeable increase in the bias and 
bias fluctuations. 
I A related but more specific effect is illustrated in Figure 10. Here,  the derived 
raggs; blas between the l ase r s  i s  plotted against the GML internal delay measured prior  
to each pass during the boresight tower calibration. The systenlatic nature of the bias, 
when plotted in this manner, indicates the high correlation between the range bias and 
the calibration. measurement of internal system delay. In fact,  a straight linc with a 
I 
slope ~af' 1 - 5  meters per 1 0  nanoseconds (1.0 meter  per 1 . 0  meter) and an intercept of 
106,2 nanoseconds provides a good least  squares fit to the data in Figure 10.  The r m s  
of the bias variations about this line is only 0.71 meter  compared to an r m s  of 1 . 2 5  
meters abor.n% the best fitting horizontal line. Thus, using a constant internal delay of 
10G,2 nanoseconds, rather than the measured internal delay, reduces the bias 
vaariatiions, 
A reasonable physical Interpretation of this result is that the GML internal 
system delay is  more stable than the calibration measurements of it. For  example, 
increase of say 1 0  nanoseconds ( 1 . 5  meters) in the GML internal-delay measure- 
ment (not accompanied by a real  ch'mge in GML internal delay) would produce GML 
range n~easurements to the satellite shorter by 1 . 5  meters.  Consequently, the bias of 
the GEilB, relattve to the GML would be larger  by 1,s meters. Difficulties in matching 
the calibration return-pulse signal level to the satellite return-pulse signal level could 
cause such an effect. 
If the B06,2-nanosecond intercept of the fitted line i s  chosen as  the constant 
value for the GML internal system delay, then the average bias for the GOLACO data 
is zero, wilh. variations In bias of 0.71  meter, as shown by the variations about the  
'fitted line. This 106,Z-nanosecond value of internal system delay probably corresponds 
to the delay for a calibration return-pulse signal level equal to the average satellite 
, return-pulse signal level for the GOLACO data. However, the GML system was  not 
1 able to precisely measure or correct for return-pulse signal level during the GOLACO 
'test. The mhm-pulse level, used in each prepass calibration, could be adjusted only 
i n  10-db steps and at best was only an estimate of the expected average satellite return 
for that pass. f i r t h e m o r e ,  considerable signal strength fluctuations are to be ex- 
,petted from pulse to pulse within a pass. Because of this, the return signal. slacauld be 
measured or compensated for on every pulse. 
In Fimre 11, the same range bias values are plotted against the GEL internal- 
delay measurements. In this case, the points appear randomly scattered, so  !;hat 
I correlation bbveen these parameters is not apparent. This is probably due tat tbe use 
of an experbental GEL device to measure the return-pulse level of each pulse during 
GOLAC0 passes, Using this device, a prepass boresight tower calibration of delay 
versus pulse Ievel was applied to the measured satellite return pulses to ~orreet. for  
I systematic errors  i3.1 delay due to pulse level, 
1. The relative bias between the GEL and the GML system was reduced from 4 -09  
to -1.19 meters from the GORF-1 to the GOLACO test. The rms  noise of thc 
GEL was reduced from 1.86 meters to 1.00 meter, and the rrns noise of  the 
GML was seduced from 1.23 to 1.06 meters. These improvements are attrib- 
uted to several factors: 
(b The better GML calibration procedure established after the GOI3.F-1 test, 
which ag?.groxlmately matches the calibration return-pulse s ip31 Bevel to 
the averige satellite return-pulse signal level. 
I 
I 
(D The GEE pulse-level measurement and correction techniques, 
@ The Improved system hardware in both the GEL and the GML (receiver 
upgrading, longer ruby rod, etc.) 
2. In ARLACO phases 1 and 2,  the SAO system exhibited average pulse-to-pralsc 
rrns range measurement noises of 1.4 and 1.1 meters and average biases re- 
lative to the GML of -1.4 meters and +I. 8 meters. 
3. All  3 jndepcndent laser systems, involved in the ARLACO and GOLACO tests, 
were in agreement to better than 2 meters, This supports the hypothesis that 
these systems, at the time of the tests, had an absolute accuracy of better than 
2 meters. Furthermore, all three laser systems are  undergoing signal proc- 
essing developments which a r e  anticipated to improve their accuracy by almost 
an order of magnitude. 
1.
 
G
O
DD
AR
D 
SI
DE
 B
Y
 S
ID
E 
-
 T
E
ST
 1
 
10
/0
8/
68
 
TO
 1
1/
01
/6
8 
G
O
DD
AR
D 
M
O
BI
LE
 L
A
SE
R 
VS
 G
O
DD
AR
D 
EX
PE
R
IM
EN
TA
L 
LA
SE
R 
2.
 
A
R
IZ
O
NA
 C
O
LL
O
CA
TI
O
N 
EX
PE
R
IM
EN
T 
(A
RL
AC
O)
 
10
/0
6/
69
 
TO
 1
1/
07
/6
9 
PH
A
SE
 I
 
12
/1
2/
69
 
TO
 1
/3
1/
70
 
PH
A
SE
 I1
 
G
O
DD
AR
D 
M
O
BI
LE
 L
A
SE
R 
V
S 
SA
O
 L
A
SE
R
 
3.
 
G
O
DD
AR
D 
SI
DE
 B
Y
 S
ID
E 
T
E
ST
 2
 
3/
26
/7
0 
TO
 5
/1
4/
70
 
G
O
DD
AR
D 
M
O
BI
LE
 L
A
SE
R 
V
S 
G
O
DD
AR
D 
EX
PE
R
IM
EN
TA
L 
LA
SE
R 
Fi
gu
re
 1
. 
L
as
er
/L
as
er
 T
es
ts
 

W
EI
G
H
TI
N
G
 F
 
PO
SI
TI
O
N
 
V
EL
O
C
IT
Y
 
I 
M
O
B
IL
E 
LA
SE
R
 
I 
I 
? 
2 
&
IE
TE
R
S 
A
ZI
M
U
TH
 
20
0 
A
R
C
 S
E
C
 
EL
EV
A
TI
O
N
 
W
ei
gh
th
g 
o
f 
G
M
L
 D
at
a 
U
se
d 
in
 F
ar
m
in
g 
Sh
or
t-
A
rc
 O
rb
it
s 
Fi
gu
re
 4
. 
A -
 P
ri
or
i W
ei
gh
tin
g 
o
f S
AO
 a
n
d 
G
EL
 D
at
a 
U
se
d 
in
 B
ia
s 
R
ec
ov
er
y 
SA
O
 A
N
D
 G
EL
 L
A
SE
RS
 
R
AN
G
E 
R
A
N
G
E 
BI
A
S 
W
EI
G
H
TI
NG
 F
A
CT
O
R 
3 
2 
M
ET
ER
S 
7 
10
00
 M
ET
ER
S 

BI
AS
: 
SA
O
-G
M
L 
+
 N
O
 R
EF
RA
CT
IO
N 
-
 
DA
TA
 C
EN
TE
R 
DA
TA
 
@
 R
EF
RA
CT
IO
N 
AD
DE
D 
BY
 G
SF
C.
 
A 
RE
FR
AC
TI
ON
 +
 C
ON
ST
AN
T 
10
2.
2 
n
s 
CA
LI
BR
AT
IO
N 
ZE
RO
 S
ET
 
-
6
 
I 
I 
I 
I 
I 
1
1
1
 
t 
5 
10 
15
 
20
' 
2 5
 
30
 3
1 
1 
5 
H
 
O
CT
 
m
u
 
N
O
V 
-
 
,
 
.
 
Fi
gu
re
 6
. 
A
R
LA
C
O
, 
Ph
as
e 
1,
 R
an
ge
 B
ia
s 
v
s
 D
at
e,
 O
ct
ob
er
-N
ov
em
be
r 
19
69
 



GML INTERNAL DELAY 
IN NANOSECONDS 
Figure 10. Plot of Range Bias Between GEL and GML 
vs GML Internal Delay 
GEL INTERNAL DELAY 
IN NANOSECONDS 
Figure 11. Plot of Range Bias Between GEL and GML 
vs GEL Internal Delay 
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REFMCTIQN 8'kmllES USING THE WICE DATA 
%"repar& for the GE08-2 
REBYJm CONFERENCE 
Jm8 22 - 24 1970 
BZUbCTION S T U D I S  USING THE FECE WTA 
knring the f i rs t  few month8 s f  GmS-2, h d d a n d  sponsored the  Wallops 
Island Csllscatiosn, Bparfment Cd:CCE) as p a r t  of t he  GEa3S O b ~ ~ m a t f o n  
Sys $em IntercomparPson Il;xkves tigation, The a v a i l a b i l i t y  i n  the  WICE 
experiment of a large 111~rnber s f  collocated tedumdmt metric serasore 
experiencing predie tnblg  d i f fe ren t  degreee of r e f r ac t i on  affords a unique 
opportunity t o  c a p a r e  various faathods of refsgneltion cortectlbsn, This 
paper will discuss t h e  progress of refract$-on s tud ies  based on the WICE 
data.  
Fdgure I indicates t h e  pr incipal  objectives of the  study. The f i r a t  
object ive  Involves f o r m l a  cmgarlson8,  Since m o ~ t  p r ac t i c a l  r e f rac t ion  
correetiom f s m u l a s  involve varying degrees of approximnation i n  themselves, 
i r r espec t ive  of any errors in the  external data inputs ,  a considerable 
effort has been made first t o  compare various r e f r ac t i on  correct ion 
fonlula t ions  under ideal ized comon input data assumptions En order t o  
became q u i t e  aware of their dif ferences  and t o  spot  m y  gross def ic iencies  
i n  some of the f ~ o m l . a t P o a s ,  Within the GEOS p rogrm the  r e f r ac t f en  
correct ion fom&ilIas in U O ~  by various agencies for  correct ing various 
d a t e  Boureee are not  standardized, POP t h e  troposphere alone 4 such 
d i s t i n c t  fomi~~latians have been identified for elevat ion angle, 9 for 
range, and 9 far range r a t e ,  In a d d i t i o n  to these ,  the  comparisons 
have included the GRBL Standard Atmosphere ca lcula t ione and a h igh ly  
refined ray t rac ing integral program, The diacrepaneies have been found 
to be h ighly  a i p i f l c a $ i i t  a t  low elevat ion angles and s i ~ i f i c a n t  i n  ssn3e 
cases at all elevation sikgles. Fiwre 2 i~ presented t o  give an idea of 
the  v a r i a b i l i t y  betweea various fomula t ions ,  The report  C ~ Y I  t h i s  s tudy  
has been written and is xva%Bable (Ref. 13, 
"Ehe aecond main source of variation i n  the  r e f r ac t i on  correct ions  
i s  i n  the data source. For exmple ,  i n  $he case of the ionosphere, 
options include ionospheric soundings, multi-frequency meaourments such 
as with SECQR and TMNET, o r  a p r i s r i  predict ions.  Figure 3 indicates  
the  MICE data asurcea gem$tting refraction cmpariesna f o r  the  tropospheric 
and Ponsspherie errors, 
Recent effort haa concentrated on the ionospheric comparisons and 
dncludes the following psr te  , 
Ref, 1: Barber&, J, He and BarkerC., H, C,, '%mS S a t e l l i t e  Tracking 
Corrections f o r  Refraction, in 
the  Troposphere", =FG X-514-70-55, 
Febmary, 1970. 
Fiwre 4 i l l u s t r a t e s  the  problem of s p ~ t h e s i z i n g  a composite p r o f i l e  
from avai lable  bo t tms ide  and topside (WmUETTE) sounder data. Coincidences 
i n  t i m e  and posi t ion between KmUETTE and GEiOS were, of course, dependent 
on t h e i r  dFff erent  o r b i t a l  pa rmete rs .  Nevertheless, some 46 near 
coincidences during April-June, 1968 were iden t i f i ed .  These were ranked 
quantltativaly f o r  degree of coincidence by evaluating a semi-empirical 
expression f o r  ionospheric cor re la t ion  as a function of s p a t i a l  and 
temporal separation and from t h i s  and consideration of the  a v a i l a b i l i t y  
of other data  such as TWjET,  SECOR and Laser f o r  intercomgarisons, the 
l i s t  wae reduced t o  17 candidate passes f o r  extensive analysis .  The 
f i O U E T T E  data have been obtained f o r  most of these cases,  scaled and 
reduced t o  e lect ron density p rof i l es  vs t r ue  height,  as have the  coincident 
Wallops Island bo t tomide  sounder records. F r m  these,  and using appropriate 
in terpola t ion between records, a composite best-est imate e lect ron density 
profile has been fomulated applicable t o  the  point of c loses t  approach 
on the. GEOS t r a j ec to ry  f o r  16 of the  17 se lected passes. 
:Ray t racing cal&lat ions  have been ca r r ied  out on the  16 composite 
p ro f i l e s  using the  REEK program and impl ic i t ly  a s swing  a spher ical ly  
a t r a t i f i e d  ionosphere with no var ia t ion  i n  e lect ron density with l a t i t u d e  
o r  lomgitude. These r e su l t s  have been compared with the  two-frequency 
SECOR derived ionospheric corrections (see F i w r e s  5 and 6 ) .  
The SECOR correct ion a t  the max%mu elevation point generally agrees 
wi th in  about 10% with the  ray traced composite p r o f i l e  correction.  However, 
i n i t i a l  results of these comparisons have show t h a t  a t  times there  is a 
considerably greater  degree of North-South o r  r i s e - s e t  a s s p e t r y  than had 
been anticipated.  
Hn Figure 5 the  SECOR deteminat ions  show as rnuch as 100% difference 
in range corrections a t  35O elevation on the  r i s e  and s e t .  Two possible 
=planations suggest themelves  f o r  t h i s  phenomenon. 
* Actual horizontal  gradients of t o t a l  e lect ron content i n  the  GEQS-2 
orbital plane. Sunset l i n e  e f f ec t s  seem the  mst l i ke ly  explanation 
although preliminary s tudies  ind ica te  t ha t  even these would not 
lly be expected t o  induce more than a 30-40% change i n  e lect ron 
content i n  a 700 mile span. 
%g~eto- Ion ic  e f fec t s .  mwever, preliminary estimates do not 
-plain the  observed mapi tude  of a s s p e t r y .  
- . , , , , ,  , . . . , ,  
, 8 ,  
; 1 ' '  ' ! 
, ,,I,,,, I , ; : [  , ; ) - i  , ' 1  ,,.!;.I ,:,;,;,i) 1 ,  1 ;  , , r : , : . .  , 7 .  , :, , , ,  .; , .  ~ ' " ' ' ' 1  ' I '  . ; : 
1 , , , , , , I '  1 , , , , ; /,r , ' , ,  / ,  , 
' ', I . 
l ' , ,  . I , , , ; ,  , ,  ! ~ l l ~ ' ! ! ! '  ' , I , , ;  
' I  
, 8 
8 , '  , * '  1 ' , I  : '  3 5 ,  ' 
ions 
--.- 
Comparisons of differentiated SXCOK with T W E T  corrections and 
integrated TwET with  SEGOH- ilc~arect5~0na have been n~ada on several gasses 
with meellent  agreeyh~ent, 
In pnrswit sf t h i s  ques  t1.m s everai approaches to predicting spat aal 
variations o r  actv:aW elect ron content horFzon$aB grad ien t s  are being 
s t u d i e d ,  ALL of these u c i l f z e  the pnbl~ahed "Ionospheric Predicti.o~ns" 
ar a e t ~ t a l ~ y  the ha~m~on ie  expane ion c o e f f i c i e n t  representation thereof  
as a basts  for spa t ia l  sea l ing  aecosdj-ng to the computed l a t g t u d e  and 
Pongi tu tdy  of each he igh t  poin t  along the 2-ine-of-sight ray to each of 
several  representat dve pain ka along t he  GEOS krajec tsrg. 
Addit.,iesnall.y, the AmUmTE topside reductions are being carried 
out at several points  along :he Lrnjectory, representing roughly the r ise 
t3 set t ra jectory above 30" elevatisa, This wi l l  pernit a rough check 
of' the gradients p7:edicted ae described above. If the discrepancies 
warrant, it may be aZvi88bIe Po attempt estimation sf the electron content 
gradients on the basis of the AEOWTTE obeemations, however, this is 
s t i l l  only being considered cr, s contingency basis ,  
arg,  the preliminary results ekaow t h a t ,  asi: expected, the NBS 
predicCed ionosphere is unrealis t-s" r, for d e t e m i n i  tracking sys  tern 
refraction corrections in rhe ~ f i ? ! ~  band. Using a composite electron 
density profile, based an boeeomaide and topside i o n o g r a a ,  f o r  detem~lning 
the SECOR ionospheric sefrae$%on corrections, prmides agreement with 
the 2-frequency SECOR refracEasn corrections to within PO% at high 
elevation angles near the sounding station, but fa i l s  at low ekevation 
angles, far smo-~ed  from the area here the asundinge were obta%ned, 
The author8 w i s h  to acknowledge t h e  contributions of the rna1;y 
participants in $Ria refraction s tudy as indicated in Figure 7. 
J, Spurling of Wallspa provided the ground index and radiosonde profiles 
for eha troposphere, 6, Trimble of ETR provided the '%E='' r ay  t race  
p r o g r m  used in these analyaee, 9, Jackson of @FG is contributing hia 
m i q u e  and invaluable guidance and compaaeer p r o g r w  in aceling the 
topside and b o t t a f d e  i o w o g r w  and gomisag the composite profilea, 
6, Pkmekos hila conscientiously a s s i s t e d  Mr. Jackeon i n  sca l ing  t h e  iono- 
granarrs. D r .  A. Tucker of the  Universi ty of Texas has provided exper t i se  
on T W E T  and has ca lcula ted  predicted e lec t ron  contents  using the  NBS 
hambonic expansion coef f i c ien t s .  I n  addi t ion ,  discuasions with R. Reich, 
P, Schwaid, B. Rssenbaum, and D r .  S .  h n g a s w a q ,  of GSFG, with J.  right 
of the S S A  Laboratory i n  Boulder, and with AH§ p e r s o n e l  associa ted  with 
the SECOR d a t a  processing, have g r e a t l y  aided the  progress of t h i s  study. 
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GEOS-a QUALIm A98UMNCE A m  DATA VALIIDATION 
Prepared for ehe GEBS-2 
R E W m  CONFERENCE 
J u e  23 - 24 1970 
P 
GE08-a QUALITY AmUWNCE A m  DATA VALDATION 
%. Casto, Me H l a ~ h ,  R, Rsich, m d  J. Be&@& 
m e  GEOS-11 spacecraft was supwrtd by several types of tracbg systems w i t h h  
~e STmAN. "Plhe dab colleebd by aose sydems which are of gedetic quality are 
validat& m d  shmi~ed to the Space &%aces Dah Center at GSFC, where they are 
mads avahble to oaer agencies. This paper descr%es the currat shtns  of the 
vallidatira &fort for Momation collect& by the M d a d  mags and m g a  mte 
(GWRR) systems a d  kg &s mitrack OjlDeicaP T r 8 c w  System (MOTS). M s o  
contain4 is a brief deacriptioma of ~e utilhation of &h from the@@ ayeterns for 
cguliQ assurace on the trachg wk%ormmce of the STADAN, 
The optical m1ibtim tschigples u s d  are basicany $EEose employ& durhg the 
GEOS-I progmm, %Baey are f d y  document& PH1 a e  dmtllsnent MFG X-514169-83, 
GEOS-1 MOTS OPTICAL VAILDATION REPORT. m e  cussat shtus of t l ~ s  GEOB-I1 
dab i~ conL;ahsd in F i p e  1. 
mese W o  asks, aPtPlou& sewrate, are qdte closely mlatd. The qwli4:y 
assmmce eEort wae ~ f i o m d  uehg the G M R R  data b o a  aes  as a ~ j e e t  of
em%ueatfm a d  as a referwee for amadysis of Pees precise trachg system~jis, 
Boa fmctions were aecompBPslm& by fsm* precision ohits, the are lenms 
bekg 2 - 4 days. m e  sehedd@ of Lhe GPPARR was oriented %a is end th-whout 
the GEM-3H lgethe. 
Havhg form& the orbit, data from ~e several GMRR slations were then! evalwtd 
and my bconsidertacies noted. In Exlose cases where Bwmtional problems were 
e ~ d m t ,  corrective action was hbn. The orbit acelaracy was not b e e  evaluatd; 
the orbit d&ermhation process was siPaply used as a twli to ensure %at the 4 
operational GMRR sbtio.eain8 pduced coneistat data. mie same evdnntion 
teemgue is be* u s d  for validation of the GRARR dak. The G M R R  d e t e m h d  
orbits were dso u e d  ae a refermce for svalmtin of mdomaes of tho 
Bitsack statims . 
3.1 GRBRR DATA PREPROCESSmG 
The prepmess@ of &e G u m  bta consists of lfose items dons durhg GE08-I, 
along wiWl4 additbad cssrectine. The GEOS-I cosrmtiomnts are conhhed ha 
GSFC E514-M-181, FlhEaAL REPORT OM GMRR/GEOS-A DATA VALDATION, 
mtiola 3.1.1. I"h@ additiowa7i oaamctfone far GEW-B am ae faUowe: 
P , X-Y axis offset corrections to measured range a d  range rate 
2 , Txaopspherie and bnospheric Refraction corrections to r a g e  and 
range rate (ref. Private colnmwication; Parker to Berbed, Fall 11969), 
based on orbit d e t e m h d  elevation 
3, maage correction baa& on measux-ed rmge rats  m d  prelamch 
cal&ration of spat eeraft t r m ~ p n d e r  
4. Time spehronbzation corrections (as received), 
3,2 G&4RR DATA REDUCTION 
The orbit determination program used edits the t r a c b g  data b a s 4  on the value of 
the measurement residuals from the orbit. The editing criteria e m g h y d  a re  90 
meters for smge, 25 em/see for range rate md 1 degree for X-Y mgle, The final 
orbits contab from 8 - 220 spacecraft passes. 
3-3 Q I J P ~ L I ~  2ChSSUMNC E RESULTS 
Several Gmm data e r rors  were discover& a d  correct& a s  a result of the GEOS-11 
qwlie assurmee promam. %me of these a r e  Ilia%& below. 
On ;%pprox-artely one haU of the supp&ed passes, the AILASU G M R R  exhibited 
a one second t h e  error  in thg rmge rate Wormation. The cause was hund Its be 
in the q u i p a t  turn on procedure, 
'fie Camarvon station exhibit& an abnormdly large noise content in the rmge 
'A 
data when cornpard to o&er stations. m e  cause was fowd to be a faully. e i i r e ~ t  
boad in one of the anhers;  the s p @ o m s  eodd only ba dekwted on $argebpssesshg 
aateuite dgmamics , 
A proedural  e m s r  in equipment b r m f f  was discover& at msman. 
Several cases of X-Y mgle e n c d e r  suppage were de tec t4  at earnamon. A severe 
RF =is misali@mem31$ gmblem wae also discovered a$ &is sktion, 
G M S R  VALDATION STATUS 
Fimas 2 e o n h h s  a e  cament &b;las d a e  validation ~ f f o ~ ~  The s g e r a t i o d  
&tes of each i%htion are shown in F w e  3 ,  
MOTS OPTBC.AL DATA VALmATEON STATUS 
TECHNIQUE USED 
DATA COLLECTION PERIOD 
GSFC X-514-69-83 
GEQS-I MOTS OPTICAL VALmATION REPORT 
FEB 1968 - DEC 1969 
N U m E R  OF P U T E S  TAKEN 79581 
PbSlTES BROKEN OR NON-REDUGBILE 2468 
P U T E S  REDUGmLE 
P M T E S  REQUESTED FOR REDUCTION 
PkBnTES VALDATED 
P M T E S  REJECTED 
P U T E S  PRWESS%14?%G 
P U T E S  BE REDUCED 
PERCENT OF TASK COMPLETED 
SPECIlPTS NEWeDRK Cm8m 
5 642 
3571 
2643 
35 
222 
6% 1 
74. a 
JAN 1969 
G M R R  DATA VALDATION STATUS 
8 NUmEFO OF PASSES TAKEN 2024 
o N U m E R  OF PASSES VALDATED 1140 
6 PERCENT DA'P"A PASSgsJG VADATPON CR1'kEW.W 94% , 
ID TmE PENOH4 VALDATED FEB 1968-APRIL 1969 
STATION OPEMTIOHAL DATES 
@ TOTAL TIME PERIQD 
@ GAR 
Figure 3 
FEB 1968 - SEPT 1969 
FEB 1968 - U U  1968 * 
SEPT 1968 - JAN 1969 
FEB 1968 - SEPT 1968 
FEB 1968 - J m E  i969 
FEB 1968 - SEPT 1969 
IONOSPHERIC CORmCTIOMS 
BASED ON VHF RANGE 
AND RANGE RWTE MEghSURWENTS 
P. E. Scmid 
Goddard Space Flight Center 
S .  Rangaswamy 
Mat" Acad of Science 
C e  W. Hurray, Jr. 
Goddard Space Flight Center 
Prepared for 
GEOS-2 Review Conference 
June 22-24, 1970 
The i n t e r p r e t a t i o n  s f  r a d i o  t r a c k i n g  d a t a  w i l l  l e a d  t o  b i a s  
in range and range r a t e  computed from t h e s e  d a t a  i f  one assumes 
that t h e  r a d i o  s i g n a l s  t r a v e l  w i th  f r ee space  v e l o c i t y  - t h a t  i s ,  
the speed of l i g h t  i n  a  vacuum. T h i s  p ropaga t ion  b i a s  due t o  t h e  
l onosphe r i c  plasma i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number of  
e l e c t r o n s  a long  t h e  r a y  p a t h  l inlcing t h e  v e h i c l e  and t r a c k i n g  
station. Consi .derat ion of a p p r o p r i a t e  equa t ions  f o r  GEOS-2 
ionospher ic  c o r r e c t i o n s  l e d  t o  t h e  conc lus ion  t h a t  t h e  i n t e g r a t e d  
, e l ec t ron  c o n t e n t  can be e x t r a c t e d  d i r e c t l y  from VHF t r a c k i n g  
 data,, This  paper o u t l i n e s  t h e  t h e o r e t i c a l  a s p e c t  o f  t h i s  unique 
ionospher ic  c o r r e c t i o n  scheme and p r e s e n t s  exper imental  v e r i f i c a -  
tion based on a n a l y s i s  of Goddard Range and Range Rate  VHF 
t r ack ing  d a t a .  
INTRBDUCT I O N  
A c a r e f u l  review of  t h e  b i a s i n g  e f f e c t  of  t h e  E a r t h ' s  
ionosphere  a n  GE05-2 t r a c k i n g  d a t a  led t o  t h e  conc lus ion  t h a t  t h e  
i n t e g r a t e d  e l e c t r o n  con ten t  r e q u i r e d  f o r  ionospher ic  c o r r e c t i o n s  
i s  i n h e r e n t ,  a t  least  at VHF (nominal 1 5 0  M H z ) ,  i n  range,  range 
rate, and a n g l e  t r a c k i n g  da ta ,  By r e f i n i n g  t h e  a n a l y s i s  pro- 
cedure  t h i s  technique may prove u s e f u l  du r ing  s p a c e c r a f t  tracking 
a t  f r equenc ie s  a s  h igh  a s  26Hz even though a t  2GHz t h e  ionospheric 
e f f e c t  i s  reduced by a. f a c t o r  of  approximately 200. A t  t h i s  point 
it i s  worth r e c a l l i n g  t h e  reasons  why VHF t r a c k i n g  i s  s t i l l  w i d e l y  
used by NASA and o t h e r s ,  even though based s o l e l y  on radiowave 
propagat ion c o n s i d e r a t i o n s ,  t h e  h igher  f r equenc ie s  PGHz and above 
a r e  much more d e s i r a b l e  ( r e f e r e n c e  1).  The two d i s t i n c t  advantages 
of  t h e  lower f r equenc ie s  such a s  used by t h e  VHF Goddard Range 
and Range Rate  t r a c k i n g  system [up l ink  l48,2QC$ MHz, downlinl; 
136.140 MHz) a r e  e a s e  of s i g n a l  a c q u i s i t i o n  and s i m p l i c i t y  i n  
s p a c e c r a f t  antenna des ign ,  Ease i n  s i g n a l  a c q u i s i t i o n  i s  especially 
important  du r ing  near-Ear th  pas ses  of  s p i n  s t a b i l i z e d  umanned  space-- 
c r a f t  i n  h igh ly  e l l i p t i c a l  o r b i t s  where l u n a r  d i s t a n c e  a s  tdceBB a s  
near-Earth t r a c k i n g  i s  d e s i r e d  wi thout  antenna e l e c t r o n i c  o r  
mechanical desp inn ing  and/or switchover .  Such s p a c e c r a f t  aKe included 
i n  @oddardPs  Explorer  S e r i e s  and t h i s  paper  will b e  conce~rned 
wi th  one of  t h e s e  s p a c e c r a f t ,  namely, Explorer  3 4  ( a l s o  termed 
IMP-4, I n t e r p l a n e t a r y  Monitoring P l a t f o r m ) ,  
Spacec ra f t  antenna s i m p l i c i t y  Ci.e., no mechanical o r  electronic 
beam s t e e r i n g )  and e a s e  of a c q u i s i t i o n  by t h e  ground t r a c k i n g  station 
a t  VHF bo th  r e s u l t  from t h e  fo l lowing  b a s i c  antenna princi:?%es: 
1. Antenna c o n i c a l  beamwidth i s  i n v e r s e l y  p ropor t iona l  to 
t h e  square-root  of antenna power g a i n ,  
2 .  For a  given e f f e c t i v e  antenna a p e r t u r e ,  a s  frequency l n e r e a s e s  
beamwidth decreases .  

3 ,  E f f e c t i v e  a p e r t u r e  i s  cEosely l inked to physical  apex-kure 
o r  c ross-sec t ion ,  
4, Energy transfer between an omnidirect ional  antenna and 
a f ixed  a p e r t u r e  antenna i s  independent of frequency providing t h e  
omnidirect ional  p a t t e r n  f a l l s  wi th in  t h e  beamwidth of the  latter 
( reference  2 )  , 
Thus, t h e  m t i v a t i o n  for t h e  a n a l y s i s  presented i n  t h i s  
paper i s  t w o  fo ld ,  nianmely: 
1, The e x p e r h e n t a k  v e r i f i c a t i o n  of GEOS-2 ionospheric  
c o r r e c t i o n  equat ions a s  appl ied t o  range tone delay and carrier 
Doppler phase, and 
2, Inves t iga t ion  of a poss ib le  procedure f o r  real- t ime 
ionospheric  c o r r e c t i o n s  t o  VEE' Goddard Range and Range Rate 
t r ack ing  data such a s  associa ted  with t h e  forthcoming M E - B  
(Radio Astronomy. Explorer) scheduled f o r  launch i n  l a t e  calendar 
1 9 7 2 ,  
The  b a s i c  t r ack ing  da ta  handling f o r  such e l e c t r o n  content 
e x t r a c t i o n  i n  i nd ica ted  i n  f i g u r e  l. Metr ic  conversion i s  t he  
conversion o f  t h e  delaysg Doppler count t h e s  and X and Y 
angles  t o  t h e  des i red  q u a n t i t i t i e s  range, range r a t e ,  aximuth 
angle and e leva t ion  angle.  The polynomial smoothing and differ- 
entk?ntiaticsn l eads  t o  those q u a n t i t i e s  used i n  t h e  c a l c u l a t i o n  of 
in teg ra ted  e l e c t r o n  content  ( e l eva t ion  angle ,  e l eva t ion  angle  rate, 
range r a t e ,  and d i f f e r e n t i a t e d  range) .  It a l s o  provides a n  
e s t ima te  of t h e  noise  on each of t h e s e  p a r m e t e r s  which i n  t a r n  
i s  used t o  c a l c u l a t e  t h e  one-sigma uncer t a in ty  a s soc ia ted  with 
t h e  ca lcu la ted  i n t e g r a t e d  e l e c t r o n  content  a t  t h e  mid-point of 
t h e  s e l e c t e d  data arc.  
The midpoint of t h e  da ta  a r c  i s  se lec ted  because: 
lo Calcula t ion  of t h e  o n e - s i p a  uncer t a in ty  i s  easier to 
compute a t  the cen te r  and, 
2 ,  For u n c o r r e l a t e d  no i se  and odd-ordered polynomials f i t  
t o  t h e  d a t a ,  t h e  u n c e r t a i n t y  i s  a minimum a t  t h e  c e n t e r .  For 
u n c s r r e l a t e d  no i se  and even-ordered polynomials,  t h e  u n c e r t a i n t y  
i s  n o t  a minimum a t  t h e  e x a c t  d a t a  span c e n t e r .  However f o r  any 
reasonable  d a t a  s t r e t c h  t h e  d i f f e r e n c e  between t h e  r a t i o  o f  t h e  
i n t e g r a t e d  e l e c t r o n  c o n t e n t  one-sigma u n c e r t a i n t y  t o  t h e  v a l u e  of 
t h e  i n t e g r a t e d  e l e c t r o n  con ten t  as c a l c u l a t e d  a t  t h e  c e n t e r  and 
as  c a l c u l a t e d  a s  t h e  e x a c t  p o i n t  of minimum u n c e r t a i n t y  i s  n e g l i g i b l e .  
TRACKING SYSTm AND GEOMETRY 
Since the experimental verification 03 the GEOS-2 ionospheric 
correction equations is based on Goddard VWF tracking data from 
the Explorer 34 spacecraft, a brief description of Explorer 34 
orbit parameters and Goddard Range and Range Rate (GRARR) tracking 
system characteristics is in order. 
Explorer 34, a spin stabilized 160 pound spacecraft, was 
launched on May 24, 1967 into the highly elliptical four-day 
period orbit indicated in figure 2. The vehicle reentered on 
May 3, 1969. This spacecraft was also known as IMP-4 or IMP-F, 
Currently another vehicle, IMP-6, is collecting scientific data in 
an orbit quite similar to that employed by IMP-F. This affords 
the opportunity of collecting tracking data during passes which 
accentuate the biasing effect of the ionosphere while minimizing 
data noise. As will be discussed more fully later, the best 
results in terms of low variance and repeatibility in extracting 
electron content from VHF GRARR data have been during near-Earth 
(i.e., perigee) passes. It is expected that use of the 3-00 kHz 
tone (insdead of the usual 20 kHz) and the use of 10 second 
Doppler integration times (instead of 1 second) will lead 
to satisfactory electron content calculations at lunar distances, 
The effect of spacecraft spin on range rate derived from carrier 
Doppler measurements is a most important consideration which is 
discussed in detail in reference 3, 4, and 5. This will not be 
elaborated upon at this time other than to state that the bias due 
to spacecraft spin has been completely modeled out in this analysis, 
In terms of magnitude, the spin bias for IMP-4 is on the order 
of 3 cm/sec whereas the bias due to the ionosphere during perigee 
passes is on the order of 30 cm/sec corresponding to night time 
values of integrated content measured as 1017 electrons/rn2, The 
absolute magnitude for the spin induced bias in a phase modulated 
tracking system is (from reference 4): 

k = s p a c e c r a f t  t ransponder  turnaround r a t i o  
A t  = up l i n k  t r ansmis s ion  wavelength 
f  = s p a c e c r a f t  s p i n  r a t e .  
The 6 s i g n  f o r  a g iven  s p i n  s ense  depends upon r e l a t i v e  
- 
s p a c e c r a f t  t ransponder  r ece ive - t r ansmi t  p o l a r i z a t i o n s ,  Note that 
t h e  r e s u l t  i s  independent of t h e  a s p e c t  a n g l e .  
The a b s o l u t e  s i g n  of t h e  s p i n  b i a s  i s  p o s i t i v e  i f  t h e  transmit 
p o l a r i z a t i o n  i s  i n  t h e  same sense  a s  t h e  s p i n  (IMP-4), negative 
i f  o p p o s i t e  sense .  For t h e  VRF GRARR system k = 12/13, = 2 R, 
C. 
For IMP-4 f = 0 . 4  r e v o l u t i o n s  pe r  second and t h e  minus s p i n  i n  
S 
equa t ion  (I)  i s  a p p r o p r i a t e .  
The VHP GRARR t r a c k i n g  s i t e s  a r e  l i s t e d  i n  f i g u r e  3 ,  Each 
s i t e  a l s o  has  S-Band GRARR c a p a b i l i t y  such a s  used t o  t r a c k  GEOS-2, 
A t  p r e s e n t  s imul taneous WHF and S-band t r a c k i n g  i s  n o t  possible 
because of shared subsystems.. 
VMF TRACKING SYSTEM PERF0 
The G m R R  t r a c k i n g  system, l i k e  many s i m i l a r  s c h m e s ,  employs 
range tones  narrow band phase modulated (modulation index less  t h a n  
u n i t y )  on to  a  c a r r i e r ,  This  s i g n a l  i s  t r a n s m i t t e d  from ground station 
t o  s p a c e c r a f t  where it i s  t r a n s l a t e d  by an onboard o s c i l k a t o r  a ~ d  
r e - t r ansmi t t ed  t o  t h e  ground s i t e .  The downlink c a r r i e r  i s  derived 
from t h e  onboard t r a n s l a t i o n  o s c i l l a t o r .  Sidebands p r o p o r t i o n a l  
t o  t h e  Doppler s h i f t e d  up l ink  frequency a r e  phase modulated ontc 
t h i s  c a r r i e r .  A f t e r  ground r e c e i v e r  combining and d e t e c t i o n  of 

c a r r i e r  and s idebands a Doppler o u t p u t  i s  ob ta ined  which eorres-  
ponds t o  t h e  r e s u l t  which except  f o r  s p a c e c r a f t  s p i n  b i a s ,  w o u l d  
a l s o  have been ob ta ined  had a coheren t  ( i . e . ,  phase locked)  
t ransponder  o f  turn-around r a t i o  of k = l been employed, 
The key t o  t h e  ionospher ic  d a t a  de r ived  from raw VHF 
t r a c k i n g  d a t a  i s  t h e  d i f f e r e n t  manner i n  which t h e  e l e c t r o n  plasma 
a f f e c t s  t h e  range tone  (group de l ay )  and c a r r i e r  Doppler range 
r a t e  (phase  d e l a y ) .  This  w i l l  be d i scus sed  more f u l l y  i n  t h e  next 
s e c t i o n .  However, t h e  impor tan t  p o i n t ,  i n  terms of  r equ i r ed  
t r a c k i n g  system performance i s  low random n o i s e  f o r  ang le ,  anq l e  
r a t e ,  range r a t e ,  and range measurements. The sys t ema t i c  range 
b i a s ,  a s  w i l l  be shown, i s  of no consequence s i n c e  it i s  differ- 
e n t i a t e d  o u t .  Also t h e r e  i s  no reason t o  expec t  sys t ema t i c  range  
r a t e  o f f s e t s  ( o t h e r  t han  due t o  s p a c e c r a f t  s p i n  and ionosphere)  since 
t h e  Doppler comparisons a r e  made i n  r e a l  t ime wi th  two-way 
radiowave propagat ion t i m e  s h o r t  r e l a t i v e  t o  l o c a l  and r e f e r e n c e  
o s c i l l a t o r  s h o r t  t e r m  s t a b i l i t i e s  ( r e f e r e n c e  6 ) .  
F igu re  4 shows t h e  expected range n o i s e  r e l a t e d  t o  s l a n t  
range from t h e  t r a c k i n g  s i t e .  The c a l c u l a t i o n  i s  based upon a n  
assumed omnid i r ec t iona l  (OdB) s p a c e c r a f t  antenna,  1 w a t t  r a d i a t e d  
power and no r a d i o  frequency system l o s s e s .  IMP-4 r a d i a t e d  4 
w a t t s  ( r e f e r e n c e  7) v i a  a t u r n s t i l e  antenna (nominal OdB gain r e l a -  
t i v e  t o  i s o t r o p i c )  and t h e  measured range n o i s e  l e v e l s  dur ing p e r i -  
gee  pas ses  range t y p i c a l l y  from 3 t o  1 0  mete rs .  This  i s  considered 
reasonable  agreement s i n c e  t h e  r a d i o  f requency l o s s e s  p l u s  variatigns 
i n  antenna gain ve r sus  a s p e c t  ang le  can e a s i l y  add 5 t o  10 d B  
f l u c t u a t i o n s .  Three important  p o i n t s  a r e  t o  be noted r ega rd ing  
GRARR VHF ranging - f i r s t ,  t h e  range tone  j i t t e r  becomes t k r e r m a l  
n o i s e  l i m i t e d  a t  approximately 20,080 km f o r  t h e  assumed parameters - 
second, t h e  e n t i r e  n o i s e  l e v e l  can be reduced by a f a c t o r  of 5 by 
swi tch ing  i n  t h e  lOOkHz range tone  and f i n a l l y  t h e  thermal limited 
n o i s e  can be reduced by a f a c t o r  o f  3 by switching i n  t h e  0.1 Hz 
( i n s t e a d  o f  1.0 Hz) t r a c k i n g  f i l t e r .  The range measurement no i se  
i s  l i nked  t o  range tone  phase measurement no i se  by: 

where 
A Q  = phase jitter (radians) 
X = tone wavelengths (reference 3)  
m 
Using analogous link parameters one obtains the range rate 
noise characteristics indicated in figure 5. Usual near-Earth 
operation (i,e,, unless otherwise requested) corresponds to E 
per second data at a B kHz loop bandwidth. Measured noise 
in this case, however, exceeds the 6 @m/sec indicated in figure 5, 
due to the cyclic component to the Doppler measurement introduced 
by the non-uniform phase pattern of the rotating spacecraft antenna, 
If this harmonic component (typically 3 0  cm/sec amplitude s i n u s o i 6 )  
is modeled out range rate noise values corresponding to figure 
5 are achieved. However, at present only the spin induced Doppler  
bias is modeled out while the sinusoidal variation is taken out 
by means of the polynomial smoothing (figure 1)- 
Finally, the integrated electron content measurement while 
not a critical function of elevation angle (figure 61,  is quite 
sensitive to angle rates. Thus, boresight pointing biases are 
again differentiated ou? however, it appears that monopulse angle 
data taken below 20' elevation begins to become corrupted in 
harmonic fashion by multipath propagation as a result of the 
relatively broad ground site antenna beamwidth (nominally 15'' 1 - 
In the data used for this paper, one sigma noise over a one to 
three minute data time span for angle data ranges from 0.01' 
to 0 - 0 7 '  

EXTRACTION O F  INTEGRATED ELECTRON CONTENT FROM T R A C K I N G  DATA 
The fo l lowing  w i l l  show how t h e  comparison of  d i f f e r e n t i a t e d  
range based on s i d e t o n e  ranging wi th  range r a t e  based on. c a r r i e r  
Doppler l e a d s  t o  a  va lue  of t h e  i n t e g r a t e d  e l e c t r o n  c o n t e n t ,  Lv, 
i n  a  v e r t i c a l  co%umn above t h e  t r a c k i n g  s i t e ,  
RANGE IONOSPHERIC B I A S  : 
Figure  6 i n d i c a t e s  t h e  need f o r  range c o r r e c t i o n s  a t  VMF 
f r equenc ie s .  Dyatime range b i a s e s  e a s i l y  exceed a  k i lome te r ,  
Range r a t e  b i a s ,  which r e s u l t s  from t h e  changing phase p a t h  length 
a s  t h e  ionosphere  i s  scanned, can in t roduce  meters  pe r  second of  
sys t ema t i c  e r r o r  compared t o  system r e s o l u t i o n s  on t h e  o rde r  of  
0 . 5  cm/sec ( r e f e r  t o  f i g u r e  5 ) .  Because of t h e  extreme variability 
of t h e  daytime ionosphere  ( e . g , ,  f a c t o r  o f  3 day-to-day variations 
of t o t a l  e l e c t r o n  c o n t e n t )  madeling of such b i a s e s  has  not been 
ve ry  s u c c e s s f u l .  I f  VHF ranging  i s  employed, r e a l  t ime ionospheric 
b i a s  c o r r e c t i o n s  a r e  h igh ly  d e s i r a b l e .  The magnitude of t h e  range  : s  
b i a s  can be e s t ima ted  by: 
( r e f e r e n c e s  l and 8)  
where N = r e f r a c t i v i t y  of ionosphere  a long  pa th  between ground 
s t a t i o n  and s p a c e c r a f t  ( index  of r e f r a c t i o n  i s  given 
by n =  1 + ~ ( L O - ~ )  n< 1.0 
f  = frequency of t r ansmis s ion ,  f o r  VHF GRARR use  
1 / 2  
geometr ic  mean i . e .  l / 2  i n  H z  
(Reference 9 )  

3 Ne = e l e c t r o n  dens i ty  along ray pa th  (electrons/m ) 
Iv = v e r t i c a l  i n t e g r a t e d  content  above t r ack ing  s t a t i o n  
2 (electrons/m ) 
E = l o c a l  e l eva t ion  angle  a t  t h e  ray  path a t  an a l t i t u d e  of 
400 km = e l e v a t i o n  angle  a t  ground s t a t i o n  
Equation (3)  expresses  t h e  measured excess i n  range over 
f r e e  space range when t h e  speed of l i g h t  i s  used i n  r o t a t i n g  
range tone group de lay  t o  t r u e  range assuming t ropospher ic  b i a s  
i s  modeled out .  Tropospheric component i s  frequency independent 
i n  t h e  usua l  range of i n t e r e s t  (20 MHz t o  20,000 MHz) and has 
a  maximum of approximately 25 meters a t  5O e l e v a t i o n  ( re fe rence  1).  
The troposphere range b i a s  a l s o  has  a  l / s i n  E dependence. A t  
1 4 0  MHz t h e  ionospheric  b i a s  is  seen ( f i g u r e  6 )  t o  be i n  genera l  
much g r e a t e r  than t h a t  a t t r i b u t a b l e  t o  t h e  troposphere.  One 
can d i f f e r e n t i a t e  equat ion ( 3 )  with respec t  t o  time t o  obta in :  
where: 
e 
AR = ionospheric  range r a t e  b i a s  based on range tone measure- 
ments. 
E = e l e v a t i o n  angle  r a t e  ( radians /sec)  
and all other parameters are as previously defined. 
A more sophisticated model for the ionosphere (see equation 3) 
might be inserted for the integrated content along the ray path 
to obtain: 
However, equation (4) is what was used in the preliminary 
experimental verifications presented in this paper. 
RANGE RATE IONOSPHERIC BIAS: 
The ionospheric bias on the range rate measurement based carrier 
Doppler, as will be shown, is approximated by: 
4 0 . 3  cos E 
= ( 2  ) (>) (6) 
where A; isthionospheric range rate bias based on carrier 
Doppler measurements 
It will be noted that the only difference between equations 
(5) and (6) is in sign. This is the basis of the integrated 
electron content calculation since (5) and (6) can be combined to 
yield: 
where: = measured range r a t e  minus s p i n  b i a s  g iven  by 
equa t ion  (1) 
d~  = d i f f e r e n t i a t e d  range measurement 
dt 
THEORETICAL BASIS FOR INTEGRATED ELECTRON CONTENT CALCULATION : 
The b a s i c  p r i n c i p l e  involved i n  t h e  i n t e g r a t e d  e l e c t r o n  
c o n t e n t  e x t r a c t i o n  can be de r ived  by cons ide r ing  t h e  somewhat 
i d e a l i z e d  c a s e  of  u n i t y  f requency turnaround a t  t h e  s p a c e c r a f t .  
The r e s u l t a n t  ionospher ic  range t o n e  and Doppler phase b i a s  t h u s  
determined i s  i d e n t i c a l  t o  t h a t  ob t a ined  w i t h  t h e  a c t u a l  GRARR 
t r a c k i n g  system except  t h e  frequency t o  be cons idered  i n  t h e  
i onosphe r i c  b i a s  c a l c u l a t i o n  i s  a  func t ion  o f  both  up and down 
l i n k  f r equenc ie s  ( r e f e r  t o  equa t ion  3 )  r a t h e r  t han  a  s i n g l e  
frequency ( r e f e r e n c e  9 )  . 
Consider t h e  fol lowing narrowband phase modulated s i g n a l :  
E = cos  ( a t  + P s i n  w t )  
o m (8 )  
where: 
w = 2r fo  angu la r  up l ink  c a r r i e r  frequency 
0 
f3 = index of modulation ,< 1 . 0  
=27rfm angula r  range tone  frequency Wm .: 
A s  i s  w e l l  known, t h e  c a r r i e r  and p r i n c i p a l  s idebands of 
such a s i g n a l  a r e  of t h e  form: 
cos  Loot 
co s  ( w o  + wm) t 
-cos ( W  - Wm) t 
0 
which i s  t h e  t ype  spectrum t r a n s m i t t e d  up t o  s p a c e c r a f t  and 
back du r ing  GRARR t r a c k i n g .  The h i g h e s t  frequency tone ,  fm '  
normally used wi th  VHF GRARR i s  20 kHz. Since  t h i s  i s  a phase 
modulated scheme t h e  a b s o l u t e  s i g n a l  ampli tudes  d u r i n g  normal 
o p e r a t i o n  do n o t  a f f e c t  t h e  range  o r  Doppler measurement. 
Thus, t h e  e f f e c t  of two-way t r a n s i t  through t h e  ionosphere  on 
t h e s e  t h r e e  d i s c r e t e  f r e q u e n c i e s  i s  t o  be  examined i n  t e r m s  of 
t h e  Doppler and range phase demodulation a t  t h e  ground s i te .  
Doppler Phase Measurement 
The effect o f  two-way t r a n s i t  through t h e  ionosphere  on 
Doppler phase measurement i s  as fol lows:  
cos w o t  
- I 
( see  equat ion 3)  
Therefore t h e  range r a t e  phase i s  given by: 
-2a0 40.  31v o i  = 
c [.- f 2 s i n  E 
where: 
R = " t r u e "  s l a n t  range based on 
time de lay  
C = speed of  l i g h t  
Range Tone Phase Measurement 
The effect of the same two-way transit on the range phase 
delay measurement is as follows: 
cos [(uo+Um) (t - f[nlds)] i[@os (t - $Jn2ds)] 
CARRIER S IDESANDS 
COS u o (t - $/nds)dq - --+ @ 
The foregoing results from the frequency dispersion introducted by 
the ionosphere which by way of equation 3 is linked to the respective 
index of refraction calculations in the following manner: 
40.31v 
2/nds c = 2(~ - 
fO2 sin E 
40. 31v 
- 
sin 
~ i f f e r e n t i a t i o n  of equa t ion  1 0  r e s u l t s  i n  t h e  u s u a l  exp res s ion  
f o r  range r a t e  and i n  t h e  GRARR system i s  approximated by averaging 
t h e  phase change over t h e  t ime r e q u i r e d  t o  count a  f i x e d  number 
of cyc l e s  of t h e  d i f f e r e n c e  frequency p l u s  an  i n s e r t e d  o f f s e t  
b i a s  frequency which i s  r e q u i r e d  t o  permi t  range r a t e  s i g n  d e t e r -  
minat ion.  The d i f f e r e n c e  between " t ime"  range r a t e  a t  t h e  c e n t e r  
of t h e  count  i n t e r v a l  and t h e  measured "average range r a t e "  i s  
a func t ion  of  averag ing  t ime and t h e  magnitudes of t h e  odd t ime 
d e r i v a t i v e s  i l . , 3 , 5 ,  7 . .  . of  range ( r e f e r e n c e  1 0 )  . For t h e  
IMP-4 d a t a  a r c s  desc r ibed  i n  t h e  nex t  s e c t i o n ,  t h e  d i f f e r e n c e  
between " t r u e "  and "average range r a t e "  was n e g l i g i b l e .  Equation 
11 p r e s e n t s  t h e  measured range  tone  phase.  D i f f e r e n t i a t i o n  of 
t h i s  r e s u l t  and comparison wi th  c a r r i e r  Doppler range r a t e  r e s u l t s  
i n  equa t ion  (7)  p re sen ted  p rev ious ly  f o r  c a l c u l a t i o n  of i n t e g r a t e d  
e l e c t r o n  c o n t e n t  Iv. I f  t h e  s p a c e c r a f t  i s  s p i n  s t a b i l i z e d ,  t hen  
a s  i n d i c a t e d  by equa t ion  ( l ) ,  t h e  c a r r i e r  Doppler determined 
range r a t e  must b e  a d j u s t e d  acco rd ing ly .  
EXPERIMENTAL RESULTS 
I n  o r d e r  t o  f a c i l i t a t e  d a t a  a n a l y s i s  t h e  p l o t t i n g  r o u t i n e  
i n d i c a t e d  i n  f i g u r e  7 was w r i t t e n .  Each d a t a  s t r e t c h  i s  examined 
t o  provide t h e  necessary  i n p u t s  r e q u i r e d  f o r  t h e  c a l c u l a t i o n s  of 
i n t e g r a t e d  e l e c t r o n  con ten t ,  namely, e l e v a t i o n  ang le ,  e l e v a t i o n  
a n g l e  r a t e ,  measured range r a t e  and d i f f e r e n t i a t e d  range.  A 
t y p i c a l  f i l m  p r i n t o u t  o f  t h e  comparison o f  ; and dR i s  given 
- 
by f i g u r e  8. This  f i l m  sequence which p r e s e n t s  tflk c a l c u l a t e d  
e l e c t r o n  c o n t e n t  a l s o  i n c l u d e s  such p e r t i n e n t  parameters  a s  t h e  
one-sigma l i m i t s  on range no i se ,  range r a t e  n o i s e  and i n t e g r a t e d  
e l e c t r o n  c o n t e n t .  S t a t i o n  i d e n t i f i c a t i o n ,  epoch, and t r acked  
s p a c e c r a f t  nomenclature a r e  a l s o  p a r t  o f  t h e  s tandard  o u t p u t .  
F igu re  8 r e s u l t e d  i n  a  c a l c u l a t e d  va lue  of Iv of 1 .08 ( 1 0  17)  
electons/m2 i n  a  v e r t i c a l  column over  Sant iago ,  C h i l e  a t  1 0  PM 
l o c a l  t i m e  on December 2 0 ,  1968. Subsequent v a l u e s  of  Iv c a l -  
c u l a t e d  a t  San t iago  over  a  pe r iod  of  90 minutes  ( f i g u r e  9 )  show 
w t -  
t- z 
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good agreement  w i t h  a n  obse rved  WIS d e v i a t i o n  from t h e  mean of 
1 0 %  T h i s  i s  a l s o  t h e  c a l c u l a t e d  u n c e r t a i n t y  based on a n g l e  
r a n g e  and range  r a t e  measurement n o i s e .  F i g u r e  9  a l s o  incl:ldes 
two c a l c u l a t i o n s  from Carnarvon,  A u s t r a l i a  on Apgust 29, 1968 
a t  approx imate ly  I1 PN l o c a l  t i m e .  The p o s s i b i l i t i e s  for f u r t h e r  
r e d u c i n g  measurement n o i s e  a r e  d i s c u s s e d  i n  t h e  c o n c l u s i a n s  
p r e s e n t e d  a s  t h e  f i n a l  s e c t i o n  o f  t h i s  p a p e r .  
F i g u r e  1 0 ,  which i s  based on  independen t  Faraday r o t a t i o n  
d a t a  ( r e f e r e n c e  11) i s  p r e s e n t e d  a s  t e n t a t i v e  v e r i f i c a t i o n  of 
t h e  e l e c t r o n  c o n t e n t  v a l u e s  e x t r a c t e d  a t ,  f o r  example, C3rnarvon 
on August 29, 1968,  and S a n t i a g o  on December 2 0 ,  1968. Since 
t h e  t o t a l  c o n t e n t  v a r i e s  between l o x 6  t o  lo1* e l e c t r o n s / m  2 
depending on t i m e  o f  day ,  season ,  and s t a t e  o f  s o l a r  activity, 
t t ~ e  c a l c u l a t e d  n i g h t  t i m e  v a l u e s  o f  e l e c t r o n / m l  appear  cjrlrrr 
r e a s o n a b l e  f o r  1968, which was n e a r  t h e  peak o f  t h e  11 year 
s u n s p o t  c y c l e ,  F i g u r e  11 shows t h e  n i g h t  t ime  (10 PM l o c a l )  
17 i n t e g r a t e d  c o n t e n t  o v e r  Hawaii t o  be on t h e  o r d e r  0 . 4  (10 
e lec t ron /m2 which r e f l e c t s  t h e  lower s u n s p o t  a c t i v i t y  o f  1951. 
The l a s t  s o l a r  s u n s p o t  minimum o c c u r r e d  i n  1964 and t h e  m a x r m u r n  
i n  1968. 
CONCLUSIONS 
A t  VBF r a n g e  measurements u n c o r r e c t e d  f o r  t h e  ionosphere  c a n  
be  i n  e r r o r  by k i l o m e t e r s .  Uncor rec ted  r a n g e  r a t e  c a n  be biased 
by t h e  i o n o s p h e r e  on t h e  o r d e r  o f  m e t e r s  p e r  second.  Since the 
VHF GRARR t r a c k i n g  sys tem r e s o l u t i o n  i s  on  t h e  o r d e r  o f  a f e w  m e t e r s  
i n  r ange  and w i t h  a 10  second i n t e g r a t i o n  less t h a n  one  crn,/sec 
i n  r ange  r a t e  t h e s e  b i a s e s  must be  modeled o u t .  S i n c e  t h e  range 
and range  r a t e  i o n s o p h e r i c  induced b i a s  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  I, t h e  i n t e g r a t e d  e l e c t r o n  c o n t e n t ,  it i s  advantageous  
t o  measure I, i n  r e a l  t i m e .  
The o f t e n  used i n t e g r a t e d  e l e c t r o n  c o n t e n t  v a l u e s  based on  
a v e r a g e  monthly p r e d i c t i o n s  can  e a s i l y  be i n  e r r o r  by S O % ,  
especially during the daylight hours. This paper has presented 
the theory and preliminary experimental verification whereby the 
desired quantity, Iv, is extracted directly from tracking measure- 
ments of angle, range and range rate at a nominal 140 MHz. 
The accuracy of this electron content determination scheme 
can be improved and the concept perhaps extended to reliable 
L u m r  distance real time corrections. Such improvements are 
anticipated as a result of considerations to: 
1, Include earth curvature 
2. Model out harmonic terms in data due to spacecraft spin 
and multipath 
3 ,  Use longer doppler averaging time (6 per minute setting) 
4. Use higher frequency range tone (100 kHz setting) 
5. Use elevation angle rates based on orbit computation 
6 ,  Record VHF tracking data during more daytime passes 
(IMP-6) 
7. Intercompare with best estimate ray traces based on 
top and bottom side sounding 
8, Determine optimum data pass length 
9. Investigate the calculation of electron content at 
points other than the midpoint of the data arc. 
This work is part of a continuing effort within the Mission 
and Trajectory Analysis Division (GSFC) to improve the efficiency 
and accuracy of NASA tracking data utilization in orbit and trajectory 
computation. 
The authors wish to acknowledge the excellent computer 
programing support provided by John F. Cook (code 551 MTAD- 
GSFC) who developed the entire SCR 4020 computer plot package based 
on the mathematics outlined in these pages. 
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A TWO-LASER COLLOCATION EXPERIMENT 
M. R. Pea r lman ,  6 .  G. Eeh r ,  G. M. Mendes,  and M. R. Wolf 
INTRODUCTION 
A two- lase r  collocation exper iment  has  been per formed  on the Ceos 2 
sa te l l i t e  with the Smithsonian As t rophys ica l  Observa tory  (SAO) prototype 
ranging s y s t e m  and the NASA mobi le  l a s e r  unit. The object  was  to  d e t e r -  
mine  the re la t ive  accu racy  of these  two l a s e r  s y s t e m s ,  both of which a r e  
being used in the routine collection of sa te l l i t e  geodetic data.  The effort 
was  conducted a t  the SAO Observa tory  a t  Mt. Hopkins, Arizona,  during the 
period October  1969 to January  1970. The two l a s e r  s y s t e m s  d e n ~ o n s t r a t e d  
a re la t ive  accu racy  of 1 to 2 m ,  de te rmined  f r o m  s h o r t - a r c  s ing le -pass  
calculations.  F r o m  a point-by-point analys is  of n e a r  -simultaneous satellite 
r e tu rns ,  we w e r e  able  to ex t rac t  the displacement  of the collocated lasers 
to a n  accu racy  of a few m e t e r s  ove r  a basel ine  of - 130 m .  
The  l a s e r  da ta  have a l so  been included in 2-week long-arc  ca lc~ i ia t i ens  to  
which Baker-Nunn c a m e r a  da ta  w e r e  added. L a s e r  range res idua l s  of  10 rn 
o r  be t t e r  and angular-data  res idua l s  of 3 to 6 a r c s e c  w e r e  achieved,  From 
this  long-arc  ana lys i s ,  re la t ive  s ta t ion posit ions w e r e  de te rmined  to be t te r  
than 10 rn. 
THE LASER SYSTEMS 
The  SAO ranging s y s t e m  i s  the prototype of the units being deployed at 
the Obse rva to ry ' s  network of s ta t ions .  I t  u s e s  a ruby l a s e r  with an s s c i t l a t o r -  
ampl i f i e r  configuration. The l a s e r  ha s  a n  output of 7 . 5  J and a nominal pulse  
This  w o r k w a s  supported in  pa r t  by g r a n t  NGR 09-015-002 f r o m  the National 
Aeronaut ics  and Space Adminis t ra t ion.  
width of 1 5  r-isec. The s y s t e m  has  a s t a t i c  pointing mount that  pe rmi t s  the 
laser to be pointed to predicted positions and f i r ed  by the clock a t  the appro-  
praate epoch. This  mode of operat ion enables  us to range to sa te l l i t e s  when 
they are in the e a r t h ' s  shadow and during daylight hours .  Range m e a s u r e -  
rrients are made  with a t ime- in te rva l  counter with a 1 -nsec  resolution.  
During the exper iment ,  the  l a s e r  was  operated a t  a f i r ing  r a t e  of 1 to 2 pe r  
I .  F u r t h e r  de ta i l s  on the s y s t e m  a r e  given by L e h r  (1969) and L e h r  and 
Pearirrhan (1 969) .  
The NASA mobile unit (MOBLAS) used a ruby l a s e r  with an  output of 
S J and a pulse width of 30 nsec .  The  l a s e r  has  a f i r ing-ra te  capabil i ty of 
i p e r  s e c .  F o r  the exper iment  the s y s t e m  had an on-s i te  computer  facil i ty 
for tracking and search ing  purposes  and used  a 10 -nsec  t ime- in te rva l  counter  
f o r  range measu remen t s .  The mobi le  l a s e r  i s  d i scussed  in deta i l  by Johnson, 
Plotkin,  and Spadin (1 9 67). 
The NASA sta t ion was located approximately  100 m nor th  of the SAO l a s e r  
( s e e  F i g u r e  1 ) .  The exper iment  was  divided into two phases ,  corresponding 
to ewo NASA locations (HOMLAS and HOMLAZ) approximately  10 m apa r t  on 
a n  east-west basel ine .  P h a s e  I las ted through November 15, while P h a s e  I1 
compr i sed  the r ema inde r  of the exper iment .  F o r  the exper iment ,  the SAO 
Mt.  Hopkins l a s e r  was  r e f e r r e d  to a s  HOPLAS. Our  intention was to r e t r i eve  
the 130 -rn in ters ta t ion separa t ion  and then to r ecove r  the 10 -m shift  in the 
MOBLAS s ta t ion location. 
SHORT-ARC ANALYSIS 
W e  used s h o r t - a r c  s ing le -pass  ana lyses  to make  a s imple  and d i r ec t  
~ n t e r c o ~ p a r i s o n  between the two l a s e r  s y s t e m s  ( s e e  Tables  l a  and b).  Owing 
to the re la t ively  l a rge  data  r a t e  of the NASA l a s e r ,  we used the i r  data  to com-  
pute a short r e f e r ence  a r c  with which to compare  the SAO sa te l l i t e  r e tu rns .  
The relacive bias  between the two s y s t e m s  was taken a s  the di f ference between 
the system Ebases to the r e f e r ence  a r c .  The s tandard  deviation was taken 
as the s q u a r e  root  of the s amp le  var iance .  
During both phases  of the exper iment ,  the two s y s t e m s  demons t ra ted  a 
re la t ive  ranging accu racy  of 1 to 2 m.  The re la t ively  s m a l l  number  of SAO 
points l i s ted p e r  pa s s  is at tr ibuted mainly  to the  re la t ive  data  r a t e s ,  but it  
a l s o  re f lec t s  the method of analysis .  Only the SAO sa te l l i t e  r e tu rns  that  
we re  encompassed by the NASA da ta  o r  that  fe l l  v e r y  c lose  to the e x t r e m i t ~ e s  
of the NASA da ta  have been  included. 
The  s ign of the bias  between the  s y s t e m s  changed s e v e r a l  t imes  during 
the 4-month exper iment ,  but i t  was predominently negative during Phase k 
and positive dur ing P h a s e  11. This  bias  component was probably vntroduced 
into one o r  both of the sy s t ems  during the cal ibra t ion procedure ,  which 
involved a de te rmina t ion  of the s y s t e m  delay by ranging on a t a rge t  at a known 
d i s tance  f r o m  each  l a s e r .  
Measu remen t s  of this na ture  a r e  ex t remely  sensi t ive  to changes hum return- 
pulse height caused  through var ia t ions  in output-power level ,  r e ce ive r  garn 
(including photomultiplier  se t t ings) ,  counter  t r i gge r  threshold,  01- attenuataon 
in the optical  t r a in  that  m a y  have occu r r ed  during the cal ibra t ion procedure, 
Even  a change of a fac tor  of 2 in the r a t i o  of pulse peak amplitude to trigger 
level  c an  introduce a change in  the s y s t e m  cal ibra t ion equal  to 2570 o r  more.. 
of the pulse halfwidth. In our  exper iment ,  this  e r r o r  could be  0 ,  5 rn for the 
SAO s y s t e m  and 1 . 0  m f o r  MOBLAS. These  e r r o r s  would be considerably  
l a r g e r  f o r  l a r g e r  changes in the  ra t io  of peak-signal  s t reng th  to trigger 
threshold.  
The s tandard  deviations in the da ta  f o r  each  s y s t e m  indicate that in  the 
pre sen t  configuration, e ach  has  a noise  level  of the o r d e r  of 1 m. C o n s i d e r -  
ing the s i z e  of the output-pulse widths and the pulse-height s t a t i s t i c s ,  this 
value appea r s  to be quite reasonable .  These  s y s t e m s  would be capable of an 
improved s ignal- to-noise  value if s h o r t e r  pulses  w e r e  used o r  if  ca l ibra t ion 
and sa te l l i t e  range measu remen t s  took s o m e  account of pulse s i ze  and shape 
(Lehr ,  Pea r lman ,  and Scott, 1970) .  
Several s y s t e m  e r r o r s  w e r e  detected by the  e a r l y  collocation resu l t s .  
These  included e r r o r s  a r i s i ng  f r o m  s y s t e m  misal ignment ,  ca l ibra t ion taken 
bnfreaguent1y o r  not taken immediate ly  following a n  ins t rumentat ion modifica- 
tian, and even overshooting the t a rge t  during calibration.  E a c h  of these  
involved an e r r o r  amounting to no m o r e  than a few m e t e r s  and i t  i s  indeed 
gratifying that  the l a s e r s  w e r e  capable of detecting these  offsets  while ranging 
to sa te l l i t e s ,  
DETERMINATION OF RELATIVE STATION POSITIONS 
W e  calculated re la t ive  s ta t ion coordinates  by examining the pert inent 
geomet ry  for pa i r s  of near ly  simultaneous da ta  points taken by the two l a s e r  
s y s t e ~ m s  ( s e e  Table  2).  Both the in te r s ta t ion  basel ine  and the 1 0 - m  NASA 
statnon shift a r e  c l ea r ly  d i scern ib le  in the data.  The values  f o r  s ta t ion 
separa t ion  a r e  solutions of a l e a s t - squa re s  f i t  of the appropr ia te  data,  and 
the residuals are  the s tandard  deviations.  The  SAO f i r ing epoch was  adjusted 
to be as close a s  possible to that of the NASA l a s e r .  Epoch dif ferences  we re  
compensated f o r  by l inear  interpolation between succes s ive  NASA data  points. 
Wa-th this interpolation procedure ,  separa t ions  in f i r ing t ime  of up to 10 m s e c  
appear to be consis tent  with a l - m  accuracy .  The 10 -msec  c r i t e r i on  was 
used 138 selecting data. Although the  interpolations involved approximations 
and there w e r e  few data  points, the r e su l t s  b e a r  out the  1- to 2 -m accu racy  
capabrlity of the p r e sen t  l a s e r  sy s t ems .  
LONG -ARC ANALYSIS 
Long-arc calculations pe rmi t  us  to  add significant amounts  of B a k e r -  
Nunn data to the analysis  and thereby  t e s t  the re la t ive  accu rac i e s  of two 
independent techniques.  In addition, long- te rm o rb i t s  a r e  essen t ia l  f o r  the  
dynamical  geodesy that  we hope to do with the sa te l l i t e  data.  Accordingly, 
I.$ ss of interest to s e e  how well  we c a n  f i t  long a r c s  to the data .  
We used the 1 9 6 9  Smithsonian Standard E a r t h  (11) to calcula te  two-week 
orbi ts  f rorn  laser and photoreduced Baker  -Nunn da ta  ( see  Table  3 ) .  To  mainta in  
a reasonable balance in the data, we selected every tenth NASA re turn  
instead of using the total data. In the orbital  solutions, the l a se r  and camera 
observations have been given weights of 5 m and 4 a rcsec ,  respectively, Far 
these solutions, the standard e r r o r s  of unit weight a r e  in the vicinity of 1 . 0 ,  
indicating that the choice of weights i s  reasonable. It must  be pointed out 
that we have a preponderance of l a s e r  data that a r e  not well distributed; 
consequently, our orbits probably do not represent  the best  that could be 
obtained. 
The value chosen for  the Baker-Nunn c a m e r a  data is  an estimate of its 
accuracy. The residuals obtained in the solution were  in the neighborhood 
of 3 to 6 a rc sec .  
The accuracy of the l a s e r  data appears  f r o m  the shor t - a rc  analysis to  
be well below the 5 - m  weight ascr ibed to it. However, the uncertainties; in 
the gravity-field model, which a r e  l a rge r  than the e r r o r s  in satell i te range 
measurements ,  dominate the solutions fo r  the l a se r  data. 
When the standard e r r o r  of unit weight i s  very nearly equal to 1,0, the 
l a s e r  residuals a r e  close to the 5 - m  weighting factor.  F o r  values b e l o v ~  
1. 0,  the residuals a r e  small ,  indicating that the l a se r s  may be weighted too 
heavily for  this particular solution. Alternatively, fo r  data in which the  
standard e r r o r  of unit weight i s  above 1 .0 ,  the l a s e r s  a r e  probably not 13eLn.g 
weighted enough, and indeed the accompanying range residuals a r e  qui re  
la rge*  
Relative station locations have been extracted f r o m  the long-arc solutions 
( see  Table 4). Averaging over the limited amount of data does not permit 
us to overcome the existing modeling e r r o r s .  We a r e  able to separate  the 
NASA and SAO station locations but do not have enough accuracy to measure 
the MOBLAS station shift with any reasonable certainty.  
CONCLUSIONS 
W e  conclude that l a s e r s  a r e  capable  of ranging to  a n  accu racy  of 1 to 2 m 
with r e spec t  to one another .  We a l s o  find that  the l a s e r  data ,  when compared  
to the Baker-Nunn c a m e r a  data ,  appea r  to be  a t  l e a s t  a s  good a s  the gravi ty  
model  used in the calculat ion.  
Cons iderab ly  m o r e  da t a  would b e  requ i red  to obtain be t t e r  r e su l t s  with 
long-arc ana lyses .  This  conclusion comes  a s  no s u r p r i s e ,  a s  we know the 
enormous amounts  of da ta  that  wil l  b e  r equ i r ed  to pursue  any reasonable  
p r o g r a r ~  in dynamical  geodesy. 
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MINITRACK SELF CALIBRATION 
Prepared f o r  the GmS-2 
REVIEW CONFERENCE 
June 22 - 24, 1970 
J . O o e  terhou t 
D. Harris 
MINITWGK SELF CALIBUTION 
~ o d d a r d ' s  Minitrack in ter ferometers  provide the  bulk of s a t e l l i t e  
t racking f o r  Goddard's Space Tracking and Data Acquisi t ion Network (STADAN), 
They a r e  s t i l l  c a l i b r a t e d  by comparing Minitrack and o p t i c a l  observations 
of a number of a i r c r a f t  passes. There a r e  severa l  poss ib le  sources of error 
i n  the  Minitrack system but  the  p r i n c i p l e  one is a phase b ias  added by t h e  
in ter ferometer  t o  the  phase d i f fe rence  t h a t  is  being measured. F o r t u n a t e l y  
t h i s  phaee b i a s ,  o r  zero o e t  e r r o r ,  i s  fairly a t a b l e  and may remain esnetnnt 
f o r  many years.  However, when i t  changes i t  can be a sudden change and a l l  
observations taken with t h a t  p a r t i c u l a r  in ter ferometer  base l ine  w i l l  c a r r y  
t h a t  b ias  u n t i l  the  next  a i r c r a f t  c a l i b r a t i o n  -- a time period that may be  
as long as a year.  
It would c l e a r l y  be des i rab le  t o  devise a c a l i b r a t i o n  scheme for 
Minitrack t h a t  would update c a l i b r a t i o n  values more o f t en  than can be done 
with the  a i r c r a f t .  Several  schemes have been t e s t e d  but  the  one t h a t  s f f e r e  
the  b e s t  hope is  a boots t rap  method t h a t  regresses  on zero s e t  values 
simultaneously with the  determination of long a r c  o r b i t s .  Minitrack 
interferometers  a r e  located a t  e igh t  STADAN s i t e s .  There a r e  four p r imary  
base l ines  a t  each s i t e ,  each having i t s  own zero s e t  value.  A s a t e l l i t e  
i n  an o r b i t  of s u f f i c i e n t l y  high i n c l i n a t i o n  can, in time, be  obsemed by  
a l l  32 basel ines .  Consequently i n  addi t ion  t o  t h e  o r b i t a l  elements there 
a r e  32 b ias  parameters t o  so lve  fo r .  These add i t iona l  unknoms r e q u i r e  
t h a t  the  observational  period be of s u f f i c i e n t  length t o  a l l o w  for adequate 
s t a t i s t i c a l  con t ro l .  An accuracy i n  determining the  o r b i t  of about e i g h t  
seconds of a r c  i s  s u f f i c i e n t  f o r  the  determination of Minitrack zero s e t ,  
Even l e s s  accuracy i s  t o l e r a b l e  i f  the  e r r o r s  i n  the  computation have a low 
c o r r e l a t i o n  between one pass a t  a given s t a t i o n  and the  next .  
The NONAME o r b i t  generator  t h a t  has been used extens ively  at Goddard 
f o r  geodetic s t u d i e s ,  taken with recent  e a r t h  model refinements based on 
GEOS I1 observations,  appeared t o  be a s u i t a b l e  instrument f o r  t e s t i n g  
the  f e a s i b i l i t y  of the  s e l f  c a l i b r a t i o n  concept. NO has demonstrated 
an accuracy i n  f i t t i n g  o p t i c a l  observations f o r  periods up t o  a week that 
i s  more than s u f f i c i e n t  f o r  the  purpose of Minitrack c a l i b r a t i o n ,  Further- 
more, one vers ion  of NONAME had the  convenient c a p a b i l i t y  of regressiirag on 
Minitrack zero s e t s  s i m l t a n e o u s l y  with the  d e t e m i n a t i o n  of orbital 
parameters. 
S u f f i c i e n t  da ta  t o  perform t h i s  t e s t  was a v a i l a b l e  from the  GEOS II 
da ta  bank. Minitrack and MOTS camera observations were chosen covering t h e  
period i n  1968 from February 21 t o  March 27. 
The bas ic  s t r a t e g y  of the  experiment was t o  take  a week's smrth of 
Minitrack observations of GEOS I1 and, using the  NONAME p rogrm,  s o l v e  
f o r  Minitrack zero s e t .  These zero  s e t s  were then t o  be applied to t h e  
preprocessing of t h e  Minitrack observatiorne of GEOS I1 made the  following 
week. Using NONAME again,  an o r b i t  would be f i t t e d  t o  the  second week's 
b a t c h  of observations,  t h i s  time solv ing f o r  o r b i t a l  parameters alone. 
T h i s  l a t t e r  o r b i t  would be compared with the  MOTS camera obsemat ions  taken 
durnng tha t  time, Then another o r b i t  would be computed f o r  the  second 
week, only i n  t h i s  case  t h e  Minitrack obsemat ions  would have been pre- 
pgocessed with zero s e t s  taken from a i r c r a f t  c a l i b r a t i o n s  of the  i n t e r -  
ferometers, I t ,  too ,  would be compared with the  MOTS observations.  (The 
MOTS obsemat ions  on GEOS 11, accura te  t o  two seconds of a r c ,  o r  b e t t e r ,  
a r e  an exce l l en t  etandard of comparison.) The o r b i t  t h a t  beet  agreed with 
t h e  MOTS sightalngs would t e l l  which c a l i b r a t i o n  method is bes t .  ( In  
actual prac t i ce  t h i s  confidence would be enhanced by solv ing f o r  zero 
eaeto usireg the  observations of a number of d i f f e r e n t  s a t e l l i t e s  i n  d i f f e r e n t  
orbits, This would n u l l i f y  any i n t e r a c t i o n  between t h e  determination of 
zero sets  and the  g rav i ty  model e r r o r s  t h a t  might be pecu l i a r  t o  a given 
orbit (resonant terms) and i t  would ensure good coverage f o r  each s e t  of 
baselines i n  the  t racking network.) 
Actual ly,  not  jus t  two but  f i v e  successive weeks of da ta  were s tudied .  
Not only was the  bas ic  experiment c a r r i e d  out  but  a number of v a r i a t i o n s  
and s i de  paths were explored. 
In the d e t e m i n a t i o n  s f  Minitrack zero s e t  from o r b i t a l  da ta  no a 
p r i o r i  in . fsmat ion ,  i . e , ,  previously determined a i r c r a f t  c a l i b r a t i o n  values ,  
was employed. I n i t i a l  est imates of phase b ias  were a r b i t r a r i l y  s e t  a t  zero 
when, i n  f a c t ,  they might be up t o  5180' f o r  a given base l ine .  This device 
of s t a r t i n g  i n  a degenerate condi t ion  was employed t o  a l l a y  any doubt t h a t  
a self c a l i b r a t i o n  system might slowly diverge from a previously es t ab l i shed ,  
satisfactory s e t  of c a l i b r a t i o n  values.  I f  one could converge t o  a proper 
s e t  of est imates from a s t a r t i n g  point  of t o t a l  ignorance, then the  doubt 
would be  unwarranted. 
To da te ,  the  r e s u l t s  of t h i s  experiment have been negat ive ,  i . e . ,  
other than expected. The so lu t ions  f o r  Minitrack zero s e t s  converged t o  a 
se t  of incor rec t  va lues ,  and t h e  simultaneously determined o r b i t a l  parameters 
exh~ibieed corresponding e r r o r s .  These e r r o r s  were l a r g e  and systematic.  
The errors i n  zero s e t  determination ranged as high as 4 t o  5 times the  e r r o r s  
t h a t  t y p i c a l l y  e x i s t  when the  a i r c r a f t  c a l i b r a t i o n  values a r e  used. The 
error i n  de temin ing  the  o r b i t  was p r i n c i p a l l y  along t rack .  The e r r o r  was 
p r i m a r i l y  manifewted as a dec l ina t ion  e r r o r  when the  computed o r b i t  was 
compared to MOTS camera obsesvations . The b ias  i n  these  dec l ina t ion  res idua l s  
rarkged up to a minute of a rc .  
Table 1 shows the  MOTS camera res idua l s  when these  observations a r e  
compared t o  GEOS I1 o r b i t s  whose parameters have been determined s i m l t a n -  
eously with the  d e t e m i n a t i o n  of Minitrack zero s e t .  The o p t i c a l  da ta  was 
given a we$ght of zero i n  t h i s  corngutation. Chiefly t o  be noted is  the  
csneiekent negat ive  a i m  and the  r e l a t i v e l y  l a r g e  value  of t h e  average 
e r r o r s  i n  dec l ina t ion .  The va lues  i n  t h e  t a b l e  a r e  an average of a l l  t h e  
po in t s  from a l l  t h e  passes  taken by t he  given camera dur ing  the  weekea 
period f o r  which t h e  o r b i t  was computed, Each of t h e  f i v e  t r a j e c t o r i e s  
was based ow a d i f f e r e n t  s e t  of Mini t rack  oboegplations and t h e r e  wae no 
ove r l ap  i n  e i t h e r  t h e  Mini track d a t a  or i n  t h e  o p t i c a l  d a t a  from one week 
t o  t h e  next .  The b i a s  i n  t h e  d e c l i n a t i o n  r e s i d u a l s  f o r  weeks three and four 
a r e  l e s s  than those  f o r  t h e  o t h e r  weeks but  t he  b i a s  i s  i n  t h e  eame direction, 
It should be pointed ou t  t h a t  t h e  r e l a t i v e  pos i t i ons  of sun ,  e a r t h ,  and 
s a t e l l i t e  o r b i t  precluded any photographing of CEOS I1 by MOTS d u r i n g  this 
par lad  whan ttaei glrrl6rmPlits Mnea m s v l n l j  tnercln eo sou th .  
Table 2 shows t h e  d i f f e r e n c e  between t h e  Mini track c a l i b r a t i o n  va lues  
computed by t h e  simultaneous r eg re s s ion  on o r b i t a l  elements and zero 8et8 
and those determined by a i r c r a f t  c a l i b r a t i o n .  The numbers given a re  sveragee 
of t h e  values c a l c u l a t e d  s e p a r a t e l y  f o r  each of t h e  f i v e  weeks, The  two 
methods of c a l i b r a t i o n  a r e  i n  much b e t t e r  agreement f o r  t he  east-west  base- 
l i n e s  than  they a r e  f o r  t h e  nor th-south  base l ines .  This is con t r a ry  t o  what  
had been expected. The expec ta t ion  was t h a t ,  f o r  a s a t e l l i t e  i n  poler orbit 
l i k e  GEDS 11, any adverse i n t e r a c t i o n  between t h e  computation of along t r ack  
s a t e l l i t e  p o s i t i o n  and b a s e l i n e  zero  s e t  would be s e l f  c o r r e c t i n g ,  The 
north-south b a s e l i n e  i n t e r c e p t s  n o r t h  going passes  on one s i d e  s f  t h e  o r b i t  
and, twelve hours l a t e r ,  south  going passes  on t h e  o t h e r .  A bal-ance obf passes 
i n  t he  two d i r e c t i o n s  was gresatwaed t o  nega te  t h e  p o s s i b i l i t y  of compen~sating 
b i a s e s  developing i n  t h e  r eg re s s ion  on zero s e t  and o r b i t a l  parameters ,  
Apparently t h e  i n t e r a c t i o n  between these  f a c t o r s  is  more complex than the 
i n t u i t i v e  model allowed f o r ,  
F igu re  1 shows t h r e e  curves t h a t  r ep re sen t  t h e  along t r a c k ,  c ros s  track 
and r a d i a l  components of t h e  d i f f e r e n c e s  between t h e  r e f e rence  orbit de temtned  
by MOTS camera obsema t ions  and t h e  o r b i t  r e s u l t i n g  from simultaneous 
r e g r e s s i o n  ow zero  s e t  va lues  and o r b i t a l  elements with Mini track obsemat ions  
a s  s o l e  i npu t .  The graph shows only  about one o r b i t a l  c y c l e  bu t  t h i s  same 
p a t t e r n  is repea ted  throughout t h e  seven day per iod  covered by the o r b i t a l  
f i t .  
The r e s u l t s  of t h i s  experiment 3 r e  s t i l l  under i n v e s t i g a t i o n ,  Many 
computer runs have been made t o  check var ious  hypotheses about the basic 
r e s u l t s .  The o r b i t s  were r ecmpu ted  wi th  var ious  combinations of Minitrack 
s t a t i o n s  toLa l ly  omit ted from the  computation. This produced no major change 
i n  t h e  r e s u l t s .  Numerous checks, some involv ing  s imula ted  d a t a ,  have been 
made t o  ensure  t h a t  no sources  of l a r g e  e r r o r s  e x i s t  i n  t h e  d a t a  processing 
o r  o r b i t  c m p t a t i o n  systems. No gross  e r r o r s  have been found b u t  t h e  
p o s s i b i l i t y  of some form of mishandling of t h e  Mini track o b s e m a t i o n s  haa 
n o t  been dismissed. Jua t beginning is  a s tudy of t h e  more s u b t l e  B t a t h s  tical 
element8 in t h e  d i s t r i b u t i o n  and c h a r a c t e r  of t h e  Kin i t r ack  obse rva t ions ,  
b%ekher Minitrack s e l f  c a l i b r a t i o n  i e  f e a s i b l e  is  s t i l l  a quest ion.  
Cer ta in ly  the  attempt deecribed here produced an unsa t i s fac to ry  r e s u l t .  
Why $hie  was s o  i a  no t  underetood. Gaining khie underetanding is the  next 
step, Such an underetanding ehould he lp  i n  d e t e m i n i n g  t h e  proper technique 
for Minttrack self c a l i b r a t i o n  i f ,  indeed, t h i e  be a p r a c t i c a l  p o s s i b i l i t y .  
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OPTICAL RESIDUALS (ARC SEC) FOR 
MINITRACK QUIT Ou B W E S  SOLU1I'IONS 
STAT ION Week !I1 Week !I2 Week iI3 Week !I4 Week 1/5 
nmvm Rt. Aes. -10,3 25.5  Dec l in -56 .9  -46.5 
SNTACa Rt, Aec, 11.9 Dec l in -74.8 
Rt, A s c .  15.8 
.TOBURG Declin -66.3 
Rt, Asc .  -9 .8  
ED Dec l in -61.1  
Rt, As@. 
Dec l in 
Rt, . k c .  -9 .8  
WDM Dec P in -47,7 
Rt, h e ,  - 3 . 6  
EDIm Declin -53.4  
Rt, Asc .  -13.9  
B E W  Declin -46.3 
m a 0  Rt, A s c .  -3 .4  Dec l in -63.5 
Rt, h c ,  -6 .6  
SWBR Dee l in -48.5 
Table P (Continued) 
STATION Week #1 Week #2 Week #3 Week #4 Week 85 
JAMAG Rt. k c .  -7.3 12.5 Dec 1 in -26.9 -20.8 
Rt. Aec. -5.0 
GSFCN 
17.2 
Dec 1 in -55.1 -32.2 
Rt. Asc. -8.6 22.3 6.0 
ROSW Dec 1 in 
-48.0 -36.0 -22.5 
Rt. h e ,  
Dec 1 in 
Rt. h c .  
Dec lPn 
FIVE WEEK AVERAGE OF DIPFmENCE BETWEEN 
MINITRACK SELF CALIBMTIQN DETmWPJED ZERO SET 
AND BEST ESTIMTE ZERO SET FROM AIRCRAFT 
CALIBUTION mD QIP&ITY MSU-CE 
Difference 
h t e n m a  Syetern Basel ine Wavele~lnths x S t a t i o n  
Fmm Polar  
Equatorial  
Polar  
Equatorial  
Polar 
Equatorial  
Polar 
Equatorial  
Polar 
Equatorial  
Polar  
Equatorial  
Polar  
Equatorial  
Polar  
Equatorial  
Polar  
Equatorial  
Polar  
Equatorial  
X-552-69-539 
PRE PRINT 
AN INTERCOMPARISON OF NAVY TRANET DOPPLER DATA 
AND OPTICAL DATA FROM THE GEOS-I SATELLITE 
Russell W. Agreen 
James G. Marsh 
Mission Trajectory Determination Branch 
Mission and Trajectory Analysis Division 
December 1969 
GODDARD SPACE FLIGHT CENTER 
Greenbelt, Maryland 
AN INTERCOMPARISON OF NAVY TRANET DOPPLER DATA 
AND OPTICAL DATA FROM THE GEOS-I SATELLITE 
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ABSTRACT 
Orbital solutions for the GEOS-I satellite obtained from U. S. Navy 
TRlaWET Doppler data and thosefrom optical flash data recorded by the 
NASA Space Tracking and Data Acquisition Network and Smithsonian 
Astrophysical Observatory systems were intercompared. The orbital 
arcs used for this study were two days in length and were in the period 
July 9 through August 7,1966. RMS of f i tsfor the orbital solutions were 
on the order of 1.9 seconds of a r c  for the optical solutions and 2.7 cm/ 
see for the Doppler solutions. Comparisons of the corresponding opti- 
cal and Doppler orbital ephemerides showed total RMS position differ- 
ences rangingfrom 20 to 40 meters. Biases in the base frequency value 
of the Doppler data were solved for; consistent biases in the base fre-  
quencjr around 9 cm/sec k3 cm/sec were found. 
iii 
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AN INTERCOMPARISON O F  NAVY TRANET DOPPLER DATA 
AND OPTICAL DATA FROM THE GEOS-I SATELLITE 
by 
Russell W. Agreen and James 6. Marsh 
Goddard Space Flight Center 
I. INTRODUCTION 
This report presents the results of an intercomparison between orbits determ&~ed from Navy 
TRANET Doppler data and those determined from optical flash data from the GEOS-1 satellite, 
This investigation was conducted for the purpose of establishing our. capability to handle the 
Doppler data for geodetic purposes. In the past, our geodetic studies have used optical data as a 
standard. 
The NONAME Orbit and Geodetic Parameter Estimation System (Reference 1) was used to de- 
termine all orbital solutions and to generate the intercomparisons. All of the data were obtained from 
the National Space Sciences Data Center a t  Goddard Space Flight Center. It was taken during the 
periods July 9- July 26 and July 3 1-August 7 of 1966. 
In addition to evaluating orbits generated from Doppler data, the data were examined for bi L ~ S ~ S  
in the base frequency value and in the time tags associated with each measured f req~~ency (or 
observation). 
11. OBSERVATIONAL DATA AVAILABLE 
Table 1 presents the orbital characteristics of the GEOS-I satellite; all data used in this study 
were from this satellite. 
Table 1 
GEOS-I was launched by the National Aer- Orbital Characteristics of the GEOS-B Satellite. 
onautics and Space Administration under their 
. - 
National Geodetic Satellite Program. The orbit 
Perigee Height 
was chosen to minimize the perturbative effects 
Eccentricity 
of air drag and solar radiation pressure. On 1 
u 
board the satellite were flashing lamps, Doppler 
transponders, laser corner reflectors and Anomalistic Period 120.3 h ' t i ~ ~ t ~ : t > s  1 
Inclination 59.4 Dcjiri~cs 1 
I 
other electronic tracking instruments which enabled the numerous parEcipating agencies to r e -  
cord large amounts of valuable tracking data. 
Optical Data 
The GEOS-I optical flash data used in this analysis were obtained from the Geodetic Satellite Data 
Services of the National Space Science Data Center located a t  Goddard Space Flight Center. It is 
composed oi observations from the NASA STADAN Minitrack Optical Tracking System (MOTS), 
the tGodduca.d Special O p ~ c a l  Tracking System (SPEOPT), and the Smihhsonian Astrophysical Obser- 
vatory (SAC$) Wer -Nunn  camera stations. All optical station positions a r e  referenced to the SAO 
C-9 system ( a ,  = 6378142 meters, Reference 2). 
The orbits generated from this optical data a r e  used a s  the standard to which the TRANET 
Doppler orbits a r e  compared because it is generally felt that the optical flash (or active) data from 
GEOS-I forms a very high-precision data set. The accuracy of the optical data is on the order of 
2 seconds of arc which amounts to a positional e r ro r  of approlrimately 15 meters for GEOS-I. 
Among the reasons for this confidence a r e  the use of a stable on-board clock to s e t  off the optical 
beacon flash intervals, exacting the time of observation to millisecond accuracy, and the short 
duration (about 1.3 ms.) of the flashes, enabling the cameras to record the observations a s  point 
images against a background of reference stars rather than less  exacting streak images (Refer- 
ecce 3 j 
Scrbstanatlal evidence of this quality is seen in the orbital PW6S1s of fit; for each of the thirteen 
2 - d a y  arcs generated from optical data, the RMS of fit is on the order of 2 seconds of arc.  This is 
a v e r y  good fit considering that the NASA (MOTS and SPEOPT) and SAO (Baker-Nunn) data were 
processed through independent systems, yet weighted equally in the orbital solutions. The MOTS 
and SPEOPT data were obtained by MOTS 40 and PTH-100 cameras and al l  plates were reduced a t  
the New Mexnco State University to yield right ascension and declination pairs  and U.T.C. time tags. 
The SAO d a b  were taken by Baker-Nunn cameras on film and reduced by SAO to yield right ascen- 
saoi? and decimation pairs and time tags in A.S. atomic time (Reference 4). 
S o x e  preprocessing of the data received from the Space Science Data Center is done using the 
NOMAME orbit determination system. MOTS and SBEOPT data time tags a r e  corrected for flash 
b~r id i lp  time; no other preprocessing is necessary. SAO data has atomic time (A.S.) tags and 
NONAME is used to apply the conversion to Universal Time Coordinated (U.T.C.). Also, a transit 
tsme correction is applied to the SAO data to refer  the observation from station time to satellite 
tune, Finally, SAO observations a r e  referred to the mean equator and equinox of 1950.0, and it is 
necessary "i apply precession and nutation from that epoch to the true equator and equinox of epoch 
of the observabons (Reference 1). 
Sht~nn etwork, name, number, location, and camera type a r e  presented in Table 2 for all of 
the  optical s ta tao~s used in this study. 
Optical ancl 11opplc.r Sta t ions  Used in the Analysis. 
Woomern, Australia 
Johannesburg, Union of S, Africa 
Eas t  Grand Forks ,  Minn. 
Rosman, N. C. 
San Juan, Puerto Rico 
GSFC, Greenbelt,  Md,  
Denver, Calif. 
Sudbury, Ontario 
Baker-Nunn Olifantsfontein, Union of S. kfriez 
Baker-Nunn San Fernando, Spain 
Baker-Nunn Naini Tal ,  India 
Baker-Nunn Arequipa, P e r u  
Baker-Nunn 
Baker-Nunn Curacas,  L e s s e r  Antilles 
Baker-Nunn 
Baker-Nunn Villa Dolores, Argentina 
Baker-Nunn 
South Point,  Hawaii 
DOPPLER 
L a s  Cruces,  N. M. 
Lasham, England 
APL Howard County, Md. 
ler Data 
--
ET Doppler data used in this study were also obtained from the National 
Space Science Data Center. ]Data from only the 5 stations listed in Table 2 a r e  used for the period 
under coas~deration. Data a r e  available from the Doppler station in American Samoa (TAFUNA, 
"2017) but it is not used because of uncertainties in the station position. The data available from 
WIcMurdo Soland, h t a r c t i c a  (MCMRm, #2019) a r e  not used because of the very low maximum ele- 
vation angles on all of the passes. The 5 Doppler stations used a r e  referenced to the SAO-C7 
system. 
All  of the Doppler data used in this study a r e  converted from frequency measurements to 
range sate using the following equation for one-way Doppler data: 
where 
F, = base frequency 
F, = measured frequency 
c = speed of light (2.997925 x lo8 m/sec) 
Arnocg the preprocessing done on the before i t  was submitted to the Data Center was a 
first-order ionospheric refraction correction applied a t  the tracking stations (Reference 5). The 
IqONAME system is used to further correct on the range rate values for tropospheric refraction 
ax follows (Reference 1): 
2.77 Ns cos E 
A. = [ E meters/second 
328.5(.026 +sin E)* I 
where 
rvs = (sux$a,ce index of refraction - 1.) x lo6, = 328.5 in the absence of a better value for 
the sudace  index of refraction 
= elevation angle computed from the initial estimate of the trajectory 
k = cornprated sate of change of elevation 
A transit time c o r r e c ~ o n  is also applied to the observations to put the time tags a t  the satellite. 
In addition, it is felt necessary to include in the NONAME preprocessing an adjustment to the 
base frequency (of the spacecraft oscillator) for each pass over a station. Even though a nominal 
value sf the satellite oscillator frequency exists for GEOS-I, it was modified by for each pass 
of data (Reference 6). computed a reference orbit with their ASTRO Computer Program and 
derived an expected satellite frequency for each observation time. Then (0-c) values were calcu- 
lated and used to produce a corrected nominal satellite oscillator frequency for each pass of data. 
This "base frequency" was included in the Doppler data submitted to the Data Center. h e  to the drf- 
ferences (gravity model, station positions, and other constants) between the ASTRB and NONAME 
Orbital Computation Systems, better orbits a r e  obkained in NONAME when the base frequency ior 
each pass of Doppler data is adjusted along with the six orbital elements fl & i). This is done ~ s ,  
r 
NONAMEE by adjusting on the range rate measurement bias for each pass of data since a linear re-  
rate. It is lationship exists between R and F, in the formula for converting Doppler data to rango 
recognized that residual refraction effects, unmodelled orbital e r ro r s ,  and other srnali unknowil 
biases may be absorbed into this base frequency adjustment. 
111. INTERCOMPARLSON OF DOPPLER AND OPTICAL ORBITS 
NONAME and Perturbations Applied 
Designed to provide accuracy in geodetic studies, the NONAME system at Goddard consists 01 
a definitive orbit and geodetic parameter estimation program with a number of a u i l i m y  programs* 
The main program of the system, the NONAME ODP, can operate in either the data reduction or 
orbit generation modes (Reference 2). 
In the data reduction mode, the NONAME ODP can estimate the following parameters from 
satellite tracking data: 
I. the six orbital parameters x, Y, z ,  x,  $, i for some specified epoch 
2. certain physical constants relating to atmospheric drag or  solar radiation pyessure 
3. tracking station co-ordinates relative to the center of mass of the earth 
4. tracking instrument errors-zero set  bias o r  timing bias 
5. geopotential coefficients 
All observation time tags a re  transformed to U.T.C. time at the satellite and numerous preproc- 
essing options exist for various data types (i.e. right ascension, declination, range, r a g e  rate,  di- 
rection cosines, x and Y angles, azimuth, elevation). 
The orbit is numerically integrated (Cowell's method) in fixed steps and interpolated to get 
computed observations for residuals, (o-c) values. A Bayesian least squares estimation scheme 
and a Newton-Raphson iteration formula a r e  used in correcting on the six orbital elements mind any 
other specified parameters. There a r e  convergence criteria for the iterations, rejection criteria 
for observations, and observational data weighting schemes optional to the user. 
In the orbit generation mode, an initial epoch and position and velocity vectors are input and 
the equations of motion a r e  numerically integrated (Cowell) to give an ephemeris of position, velocity, 
and time. 
The potential of the earth is represented by a normal potential of an ellipsoid of revolution 
(SAO C-5, C-6, C-7, etc.) and small variations, expressed by a se t  of spherical harmonics (SAO 
M-1, APL 3.5,  etc.). In addition, the following perturbations may be represented as disturbing 
functions as optioned by the user: 
1. solar gravitation 
2. lunar gravitation 
3, solar s a d i a ~ o n  pressure 
4, atmospheric drag force (NONAME uses the Jacchia-Micolet model for the atmosphere) 
In t1xis study, the earth ellipsoid used is that of the SAO (2-7 system and the gravity model used 
is the SAO-MI modified by the 12th order terms of Gaposckin and Veis (References 2 and 7). The 
perturbations applied in NONANLE a r e  solar gravitation (M,/M, = 33 2951.25), lunar gravitation t 
(M, , , /M~ = .0123), and solar radia&ion pressure (4.5 x.1W6 Newtons/m2). 
D:scussion of Comparison 
The period of data that was intercompared covers from July 9th through July 26th and from 
July SVsc through Augblst 7th of 1966. The data were separated into thirteen 2-day a rcs  since any 
Icnger arcs are more affected by e r ro rs  due to uncertainties in the earth's gravity model, solar 
ra&ation pressure o r  other parameters. 
Eklh the optical and Doppler data were run separately on the NONME ODP in the data reduc- 
tion rgnode. A19 optical observations were assigned a weight of 2 seconds of arc ,  and the right as- 
cension measurements were further down-weighted by the cosines of the corresponding declination 
measurements due to the geometry of the pair (i.e. the higher the declination, the larger the un- 
certamtles htmduced into the right ascension). The Doppler data, converted to range rate, were 
assigned a weight of 10 cm/sec. Based on an editing cri teria of 30 there was approximately a 1% 
rejection rate on b t h  data types. 
The conv2rged solution state vectors for both the optical and Doppler coincident a r c s  were 
then input ento the NONPlNIE ODP in the orbit generation mode. The orbits generated were com- 
pared to obtain the position differences every ten minutes. Table 3 presents the RMS of solution 
values for the data reduction runs and the surnrnary data of the orbit htercomparisons. Appendix B 
shows :position difference plots of five of these 2-day a r c  intercomparisons. 
See Appendix A for a complete breakdown of the optical and Doppler data used in these 2-day 
arc studies. 
As  seen from Table 3, the RNIS of total position differences over the 2-day a rcs  is on the order 
of 20 %P 40 meters with maximum posii3on differences on the order of 30 to 70 meters. It is 
~suaport~mt to note that only 5 stations in the Northern global hemisphere were used to obtain the 
Doppler orbits and all low elevation data was included, indicating good-quality refraction correc- 
%logis. The h r g e  mplikude of some of the cross track position differences might seem odd a t  f irst  
glance smce the dong track e r ro rs  usually dominate; however, this could possibly be attributed to 
d:fSiku'ag,y in de~termhing the inclhation of the orbit in the b p p l e r  solution since, again, the five 
Doppler stations a r e  poorly distributed around the globe. These consistent results show that the 
capablbltjr to handle h p p l e r  data and determine orbits of the quality demanded in geodetic studies 
from such data exists in the NONAME System at Goddard. 
Table 3 
Position Diflercnces Between Orbits Generated From TKANET Doppler Data and Orbits 
Generated From Optical Data (2  day arcs). 
"Approximate number of observations per arc: Doppler - 1880, Optical - 870. 
IV. EFFECT OF STATION POSITIONS ON THE DOPPLER ORBITAL SOLUTIONS 
As previously mentioned, the 5 Doppler tracking stations a r e  in the Northern hemisphere of 
the globe; Figure 1 shows the locations of al l  the optical and Doppler tracking stations from whiela 
data were used for this study. It is interesting that all optical stations tracked the satellite only as 
i t  passed from south to north over the station. Thus the South American optical stations were ofter; 
tracking just minutes before the Doppler stations in Maryland and England started bacicin-ag. The 
reason for this consistent south to north tracking by the optical stations lies in the facts that for 
the GEOS-I satellite, the right ascension of the ascending node traverses the celestial sphere at a 
rate of approximately 2-1/4 degrees per day, and only night tracking of the flash sequences is pos- 
sible. Thus, for this month long period, the right ascension of the node was in the earth's sshddow, 
causing the consistent south to north tracking. The Doppler stations have no such reshictiean md 
were able to track whenever the satellite passed over their vicinity. 
It was thought that perhaps the poor global distribution of the available Doppler stations caused 
the Doppler orbit to be weakened in the southern hemisphere where no stations existed a ~ d  
thus where no (0-c) values could be determined to correct  on the state vector. Tkius it wzs decided 
to take 4 of the 2-day Doppler and optical a r c s  and examine how accurately the B p p l e r  determhed 
orbits fit the optical data. from each optical station around the entire globe. 
NAW TRANET DOPPLER STATION @ OF7ICAL STATKIN ( 940, SPEOPT, OR MOTS ) 
Figure 1-locations of all TRANET Doppler and optical stations used i n  intercomparisons 
and typical GEOS-I orbital paths July-August, 1966. 
Tke approach is to take the converged vector solution, for each of the arcs ,  a s  determined by 
the Dsppier arc and input i t  as the state vector for  the corresponding optical arc.  The Doppler 
soPluQiori 1s passed through the optical data to note the optical station data fits to the Doppler de- 
termined orbit. The observahon residual summary by optical station is examined to see  which 
groups of stations representing a reas  of the globe have the largest increases in the RMS of solu- 
tion when compared lo the final iteration of'the original optical solution for that arc. For each 
station appearing in two or  more of the four arcs ,  the RMSqs of fits were combined to yield one 
summary value for that station. As an example, if a station appeared in two of the a r c s  and had 
respecthe XMS values of RMS, and RMS,, where: 
ms, = RMS, = 
then ";he combined RMS would equal: 
Table 4 shows all of the optical stations used, the number of observations each has over the b u r  
2-day a r c s  of this station position study, what a r c s  the data appear in, the combhed RMS values 
Table 4 
Summary, by Station, of Optical Data Fits to the Optical and Doppler Orbital Solutions (July 9-16, 1966&, 
I Optical Station i 
Observations 1 F&lS of Fit lsecs arc) . I 
Total Number I *From Arcs 
I, TI, %HI, IV 
I,  IT, PHI, IV 
1, PI 
1, PI, In, IV 
II, IV 
"1 - july 7-10, 11 - july 11-12, III - July 13-14, and XV - July 15-16. 
?deciinaraan 
t r i g i ~ r  ascension 
DOPPLER BASED RESIDUALS EXCEED 
I OPTICAL RESIDUALS 
OPTICAL RESIDUALS EXCEED DOPPLER 
BASED RESl DUALS 
from the original optical solutions, and the com- 
bined RE\/IS values when the Doppler state vector 
was passed through the optical data. The stations 
a r e  grouped according to hemispheric location. 
By comparing the optical based RNIS values 
a g a s t  the h p p l e r  based RMS values for a given 
station, some feeling for the relative strengths of 
the two solutions can be obtained. 
Figure 2 presents the RMS differences in 
graphical form. For a few stations, the Doppler 
orbit fits the optical data slightly better than the 
optical orbit. This could be due to errors  in the 
spation position, i n s b m e n t  errors,  or  other 
factors. However, the general trend for northern 
hemisphere optical stations is for the optical 
orbit to fit the optical data a little better than 
the BSoppler orbit. In the southern hemisphere, 
the mppler orbit has obvious difficulty fitting 
the optical data. Thus, i t  seems that the good 
orbitaul comparisons that were achieved would 
have been even better i f  data were available 
Prom b p p l e r  stations in the southern hemis- 
phere to tie down that half of the GEOS-I orbit. 
OPTICAL STATIONS Figure 2 should be interpreted with the in- 
~i~~~~ 2-5ummory op+icol based upon fo'ma~on ~rese'"' in Table 4 in mind. 's an 
TRANET Doppl ei; orbits for the period July 9-16, 1966. example, the histogram for the station in 
Madagascar (ITANAN) seems to disagree with those sf the two nearby South M r i c m  stations in 
Olifantsfontein and Johmesburg.  However, data from Tanmarive consists of 28 obser~~;btions in 
only one a r c  while there a r e  113 observations from Johannesburg and 262 from O'lifmtsfontein a ~ d  
these data a r e  distributed through all 4 arcs.  Thus, this indicates that the Tanaxarive results 
should be discounted. 
V. FURTHER STUDY OF THE mTEReOMPPkRISONS 
Evaluation of Atmospheric Refraction Corrections on Low Elevation Doppler Obseriiations 
It was thought that the optical and Doppler solutions might be brought into even better agree- 
ment by dropping the low elevation measurements from the Doppler data. The logic behind this is 
that perhaps the refraction effects, which a r e  greatest a t  low elevations, a r e  not suificienrly 
modelled. Additional N O N N E  solutions were generated with all Doppler observations of eleva- 
tion less than 20" dropped from the data; two 2-day a r c s  were tested. Table 5 indrcates a. very 
slight drop in the RMS of solution and shows the results of the position comparisons agahs t  the 
corresponding optical arcs.  These "elevation cut-off" Doppler versus optical comparisons s h ~ w  zn 
Table 5 
Effects of Removing Low Elevation Observations From Doppler Data on the Doppler 
Solutions and on the Doppler Versus Optical Orbital ~ompar i sons . t  
July 17-18 r 
Station 
ANCHOR 
WAHIWA 
LACRES 
LASHM2 
APLMND 
ALL 
ANCHOR 
WAHIWA 
LACRES 
LASHM2 
APLMND 
ALL 
Navy TRANET Doppler Solutions 
Observations Observations > 20" 
Elevation Used 
- 
RMS of 
F1t 
( >  20") 
(ern/sec) I I 
Table 5 (Continued) 
'!lhserva:ioi;s ~ m i r h  > 20' elevation only. 
iSjre:  the i n r l u s ~ o n  of low elevation Doppler data does not degrade the solution. 
increase in the torn1 PllVBS of position differences of about 1 meter over the original Doppler versus 
op*hca'i cornparisms presented in Table 3 .  Thus i t  is felt that the inclusion of low elevation Doppler 
dab does not degrade the solution. In fact, the low elevation points add to the geometry of the Doppler 
s o l ~ t i o n s  ince they increase the tracking range in the GEOS-I satellite by approximately 60 miles/ 
degree of e.levation on both ends of any specific pass. 
Effect of h e  LenPth on Solution 
Two day arc lengths may be less  accurate than shorter  a r c  lengths due to the effects of data 
&stribution, gravity model e r ro r s ,  perturbation model e r ro r s ,  and unmodelled parameters. How- 
ever, two day a r c  lengths were chosen for this 
ARC COVERAGE study because i t  was thought that none of 
LENGTH ls+ 2nd these e r r o r s  would have an adverse effect 
DAY NOON DAY NOON 
3 i/2 DAYS 
I 1 / 2  DAYS 
"DAY 
1 DAY 
: / 2  DAY 
;/2 DAY 
1 / 2  DAY 
3 / 2  DAY 
over a 2-day period. This section presents 
the results of a check made to determine 
the quality of 2-day versus shorter length 
orbital solutions. 
In order to assess  the accuracy of orbital 
a r c  solutions of less  than 2-day length, two a r c s  
(July 17-18, July 19-20) a r e  broken into smaller  
a r c s  of length 1-1/2, 1, and 1/2 day length as 
r E l G h l  ARCS WERE DETERMINED FOR EACH OF TWO shown in Figure 3. Doppler and optical orbits 
2 DAY PERIODS, JULY 17-18, JULY 19-20. 
a r e  determined for these 16 shorter  a r c s  and 
Figure 3-Reduction of two day arcs into then intercompared as in the initial 2-day orbi- 
shorter arc lengths.* tal  solutions. 
The results of 9 of these 16 intercomparisom along with the results of the two 2-day inter- 
comparisons are  present4  in Table 6. Seven results are  not presented since very poor dah dis- 
tribution over the a r c  length prevented the determhation of sufficiently accurate orbits, The re-  
sults indicate that the fit ~f the data to the orbit does not wrec i ab ly  improve as the ars: length. of 
solution decreases; thus, the orbilal soluLlltioms of length less than 2-days are  not of better qualiey 
than the 2-day solutions. 
Position Differences Between TRAWET Doppler Orbits and Optical 
Orbits for Arc Lengths Less Than 2 Days. 
The posiGon eonapaisons of the Doppler and o p ~ c a l  orbits a re  generally in the s m e  range, 
The two comparisons h a a g  very low of position didferenees over the half day sobui5acsns em 
July 17th m d  July 18th a re  the results of very dense data in the period. Each of the thirteen 2-day 
ares  composed of o p ~ c d  ata have an average of 870 observations in it, but both of the above met- 
tioned half day arcs  have over 400 optieal obsemLi.ons in them. They also have over 400 h p p l e r  
observations. These compmisons a re  further evidence of the qudity of the Doppler o rb~~ t s ,  
The plots of p s i ~ o n  differences for these 9 shorter arcs  appear in Appen& C, 
VI. BUS STUDY O F  mPPEER DATA 
Timine: Errors 
One of the ancilkry programs in the MONANIE system processes the residuals calculated in the 
last iteration of a NONUE ODP dab reduction run to determine zero-set and t k h g  errors (Refer- 
ence 1). 
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Table 7 
S L ~ - m a q  of Timing Biases (At)* Found 
in the TMNET Doppler Data 
Tinning 
2-93ia3> 1 Er ror  ( ~ t )  
Number of A r e  j Sation ; Passes s 1 Standard 11.366) 1 Deviation 
*P,R = AB + As 6 where AR = Residual (0-c), AB = Zero Set 
B ~ n r ,  Ls = Timing Error, and b = Rate of Change QI 
Observarion 
The residuas are  bvesEg;ated with the fol- 
lowhlg remession model: 
where 
Arm = the residwl for a specific observation. 
AB = the zero-set error  in the observing 
hskunaent. 
g error in the observing 
instrument. 
6 = the rate of change of the observation. 
This p rog rm,  GEORGE, was used to de- 
e the Emhg errors  for the July 17-18 
a d  July 19-20 Dqppler arcs. Table 7 sum- 
marizes the results wMch appew in full h &pmcgix a). Although zero-set errors  were computed 
by GEORGE, they a r e  neglect& &cause such errors  were absorbed into the djustment of the 
range rate mexurement bias (the base frequency djustment). 
It is ub.Aous from the table that no significant Gmbg errors  were found. 
Results - 06 - Ithe M g e - m t e  B a s  Adjustment on TMNET mppler Data 
As mentioned p re~ous ly ,  the NONANIE &bit and &odehie Pa rme te r  Es&imaLion System is 
used to adjust on a range-rate or  base frequency bias for each pass of data in all Doppler orbital 
sob~~onw (refer to Section 11). 
Table 8 
Summary of Biases Found in the TRAWET Doppler 
Data Over the Period duly 9-26 
July 31-Auwst 7 ,  1966. 
%ation 
The bias values that a re  determined in the 
NONAME System are consistent throughout all 
of the h p p l e r  orbital solutions. Table 8 pre- 
sents a summary of all range-rate biases de- 
termined over the entire period of the study. 
Mpendk D presenb the determined biases in 
more debil. The biases for each station gen- 
erally m g e  from 8 to 10 cm/sec with stand- 
ard deviations of 2 to 3 cm/sec. 
h a l y s i s  of simulmeous GEOS- II XSoppler 
and Laser data at Wallops Island by Berbert 
and Parker (Reference 8) also indicated the 
presence of a positive bias in the Doppler data. 
Using 10 passes of laser data to determine 
reference orbits, Berbert and Parker noted T ET range rate biases averaging 116 ern/sec. 
Discussions between the investigators and NWL personnel uncovered a procedure in the preproc- 
essing program a t  NWL which was responsible for the large positive biases. After W L  aorovided 
corrections to the base frequency, the average bias dropped to +4 cm/sec. 
Effect of Arc Length on the Rangre-Rate Bias Adiustment 
The question of independence of the range-rate bias adjustment on a r c  length is hvestigated 
Two of the %day arcs,  July 17-18 and July 19-20 a r e  broken into smaller a r c s  of 1-1/2, 1, mad 1/2 
day lengths (see Figure 3); 8 a rcs  a r e  thus formed in each %day period. If a particular pass lasts 
from morning into the afternoon (G.M.T.), then only two of these shorter a rcs  can be used to get a 
range-rate bias for that pass, the reason being that the pass must fall completelywithh 811 arc in 
order to get a bias adjustment for the entire pass. For passes within the first and last quarters of 
the 2-day period, 3 of these shorter a r c s  can be used to determine a range-rate bias, m d  for passes 
within the center quarters of the 2-day period, 4 shorter a r c  solutions for range-rage bias are possible. 
Table 9 
Dependency of the TRANET Doppler Range Rate Bias Adjustment on Arc Length, 
Mean Bias 
l Standard 
Deviatj oc 
6.0 * 0,s 
7,1 i 0-5 
5,8 i 0,4 
11,8 * 0-8 
11.9 i- 0-9 
Table 9 presents the results for 5 represeralaEve passes to show the general consistency of the 
range-rate oa- base frequency adjustment. Appendix E presents the results for al l  88 passes cover- 
lslg tile 4 days of July 17-28, 1966. I k ~ t  of the passes show a mean bias value with a standard devia- 
tlone oi abort 2-10% of the mean. This result indicates a strong level of independence between a r c  
length and the bias adjustment on range-rate, and it provides further evidence that the TRANET 
Doppler data a re  being processed properly in the NONAME System. 
VII. CONCLUSIONS 
The thirteen &day optical orbits and the thirteen 2-day P9sppler orbits have RNIS of fits in the 
ranges of 1.9 seconds of a r c  and 2.7 cm/sec respectively, indicating for both data types that the 
 its of the data to the orbits a r e  almost down to the noise level of the data. The RMS of position 
differences bebveen eorrespon&ng optical and Doppler orbits range from 20-40 meters, and max- 
imnm position differences a r e  from 27-77 meters for the thirteen 2-day arcs. Since the noise 
Bevel 01: both data types is from 10-15 meters, i t  is felt that these results a r e  very consistent and 
that they demonshate the ability to generate Doppler orbits of quality comparable to the optical 
orbits that are beling used in geodetic studies a t  W d a r d .  
Furt?~esrnore, the study of the effects of station positions on the Doppler orbital solutions in- 
dicates tlmt even better agreement between the Doppler and optical orbits would have been attained 
if there had been data available from Doppler stations located in the southern hemisphere to tie 
down those halives of the Doppler orbits. 
It is felt that the N O N m E  ODP models tropospheric refraction well enough to enable the use 
3f Dopp1er obser'~ations far  below 20' in elevation. The use of observations in the range of 10"-20" 
eEeuation increases the geometry of m y  pass of the GEOS-I, satellite by approximately 60 miles per 
degree of elevation on either end of the pass; thus, this ability is quite valuable in determining 
orbits of geodetic qerdity. 
Biases in the  base frequency values sent along with each pass of Doppler data were consistently 
on the order of 8-10 cm/sec 4 - 3  cm/sec for each of the 5 stations used in this study. Also, the 
range-rate biases adjustment in the NONAME System was found to be highly independent of a r c  
length of solution. No signilicant timing biases were found in the Doppler data. 
Finally, this report indicates that Navy T ET Doppler data can currently be used to sup- 
,cglernmk optical dxta in geodetic studies using the NONAlME Orbit and Geodetic Parameter Estirna- 
tion System at m d d u d  o r  in a system having similar capacity to handle Doppler data. 
Work is currently in progress performing ddit ional  studies of this nature using data from 
other satellites (GEOS-BI, BEB, BEC). 
The authors wish to thank Mr. Thomas David Meadows for performing the NONAME computes 
runs used in this report. 
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Mpendix A 
Optical and Doppler Data Used in the Analysis 
The tables herein present the thirteen %-day optical orbital solutions (Table Af)  and the thirteen 
ET Doppler orbital solutions (Table A2) in detail. The number of okervations from 
each station that were used to determine the orbit and the RMS of fit of the orbit to the data from 
each station is shown. 
Table A1 
2-Day Optical Orbital Solutions. 
Table A1 (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
RMS of Fit  
(secs. a rc )  
1.5 
2.6 
2.1 
1.5 
2.4 
1.3 
- 
- 
- 
- 
1.7 
2.0 
2.6 
1.1 
1.8 
2.1 
1.9 
2.5 
1.7 
2.6 
2.4 
1.2 
2.7 
1.8 
3.3 
2.0 
- 
- 
2.1 
1.4 
2.1 
1.3 
3.8 
1.1 
1.9 
- 
- 
0.9 
1.3 
Number of 
Observations 
Rejected 
1 
1 
1 
12 
12 
Number of 
Observations Used 
21 
2 1 
2 1 
2 1 
13 
13 
7 
7 
7 
7 
31 
31 
14 
14 
42 
42 
66 
66 
47 
47 
14 
14 
62 
63 
2 1 
2 1 
7 
7 
747 
49 
48 
18 
18 
14 
14 
7 
7 
2 1 
2 1 
3-D:iy Arc 
July 21-22 
July 23-24 
Station 
AUSBAK 
lCOLBA 
lEDINB 
lFTMYQ 
1 JOBUR 
1JUPTR 
lMAUIO 
lOLFAN 
lORGAN 
lQUIPA 
1ROSMA 
lSPAIN 
lSUDBR 
lvILD0 
ALL 
AUSBAK 
lBERMD 
1BPOIN 
lDENVR 
lEDINB 
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t-
 
C
D
W
 
t-t- 
3
2
 z
z
 
a
m
 
ol 
cu 
3
3
 zG 
2
2
 
4
 
r
l 
3
3
 G
%
 %
%
2
2
 ZG
 G
G
 % m 
Table A l  (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
Table A1 (Continued) 
Table A2 
2-Day TRANET Doppler Orbital Solutions. 
2-Day Arc 
July 9-10 
July 11-12 
July 13-14 
Station 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
RMS of Fit 
(cm/sec) 
2.9 
2.8 
2.5 
2.8 
2.3 
2.7 
3.2 
2.4 
2.7 
2.9 
2.5 
2.8 
3.1 
2.6 
2.6 
2.9 
2.6 
2.8 
Number of 
Observations Used 
363 
2 14 
352 
500 
548 
1977 
449 
98 
42 0 
409 
515 
1891 
522 
154 
326 
321 
535 
1858 
A 
Number of 
Observations 
Rejected 
4 
6 
2 
3 
3 
18 
11 
0 
2 
4 
5 
22 
7 
1 
5 
5 
5 
23 
Taple A2 (Continued) 
Number of 2-Day Arc  I "On I O b s e M l a s  Used 
July 17-18 
July 15-16 
July 19-20 
July 21-22 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
-- - 
July 23-24 
494 
182 
274 
487 
528 
1965 
July 25-26 
July 3 1  - ' 
August 1 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LAsHM2 
Number of 
Observations 
Rejected 
ALL I 1913 I 36 1 2.7 
RMS of Fit  
(cm/sec) 
- ANCHOR I 522 I 13  I 2.8 
WAHIWA 
LACRES 
APLMND 
LAsHM2 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
'LASHMS 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
m H M 2  
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LAsHM2 
ALL 
Table A2 (Continued) 
2-Day Arc 
August 2-3 
August 4-5 
August 6-7 
Number of 
Observations Used 
517 
268 
158 
519 
391 
1853 
491 
407 
392 
532 
1822 
442 
180 
174 
511 
541 
1848 
Station 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
ANCHOR 
LACRES 
APLMND 
LASHM2 
ALL 
ANCHOR 
WAHIWA 
LACRES 
APLMND 
LASHM2 
ALL 
Number of 
Observations 
Rejected 
6 
1 
2 
3 
36 
48 
20 
5 
0 
4 
29 
13 
0 
40 
4 
3 
60 
W S  of Fit 
(cm/sec) 
3.3 
2.5 
2.6 
3.1 
2.7 
3.0 
3.1 
2.8 
2.9 
2.1 
2.7 
3.1 
2.4 
2.8 
2.8 
2.2 
2.7 
Appendix B 
Position Differences Between Doppler and Optically Determined Orbits 
Figures are  presented for five of the thirteen 2-day orbital intercomparisons showing plots of 
the satellite position differences between the optically determined and Doppler determined orbits 
over the span of the arc. 
-50.01 I I I I I I I I I I I 
0.0 1 .O 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 
- RADIAL DIFFERENCES 
---. CROSS TRACK DIFFERENCES 
.-.-.. ALONG TRACK DIFFERENCES 
40.0 
-50.0L I I I I I I I I I I I 1 
12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0 
HOURS FROM EPOCH 
Figure B1-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 15-16, 1966. 
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Figure B1 (continued)-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 15-16, 1966. 
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Figure 62-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 17-18, 1966. 
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Figure B2 (continued)-Posi tion differences between IRANET Doppler orbit and optical orbit 
for the 2-day arc, July 17-18, 1966. 
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Figure B3-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 19-20, 1966. 
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Figure 83 (continued)-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 19-20, 1966. 
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Figure M-Position differences between TRANE T Doppler orbit and optical orbif 
for the 2-day arc, July 23-24, 1966. 
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Figure M (continued)-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, July 23-24, 1966. 
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Figure B5-Position differences between RANET Doppler orbit and optical orbit 
for the 2 4 a y  arc, August 4-5, 1966. 
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Figure B-5 (continued)-Position differences between TRANET Doppler orbit and optical orbit 
for the 2-day arc, August 4-5, 1966. 
Appendix C 
Position Differences Between Doppler and Optically Determined 
Orbits for Selected Arc Lengths 
Figures a re  presented for 9 selected a r c  lengths showing plots of the satellite position dii- 
ferences between the optically determined and Doppler determined orbits over the span of the 
particular arc. 
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Figure C1-Position differences between TRANET Doppler orbit and optical orbit 
for the 1-112-day arc, July 17, 0 hrs-July 18, 12 hrs, 1966. 
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Figure C3-Position differences between TRANET Doppler orbit and optical orbit 
for the 1-day arc, July 17,0 through 24 hrs, 1966. 
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Figure C4-Position differences between TRANET Doppler orbit and optical orbit 
for the 1-day arc, July 18, 0 through 24 Rrs, 1966. 
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Figure C5-Position differences between TRANET Doppler orbit. and optical orbit 
for the 1/2-day arc, July 17, 0 through 12 hrs, 1966. 
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Figure C6-Position differences between TRANET Doppler orbit and optical orbit 
for the 1/2-day arc, July 18, 0 through 12 hrs, 1966. 
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Figure C7-Position differences between TRANET Doppler orbit and optical orbit 
for the 1-1/2-day arc, July 19, 0 hrs-July 20, 12 hrs, 1966. 
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Figure C8-Position differences between 'TRANET Doppler orbit and optical orbit 
for the 1/2-day arc, July 19,0 through 12 hrs, 1966. 
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Figure C9-Position differences bctween TRANET Doppler orbit and optical orbit 
for the I/r-dcly arc, July 20,O through 12 hrs, 1966. 
Timing Bases  and Range-mte (Base Frequency) Bases 
in the Doppler Data 
Table Dl presents timing biases,* calculated for each pass of T.R.A.NET Doppler data h the pe- 
riod July 17-20, 1966. The timing biases were determined by fitting the residuals from each pass 
to the formula: 
where 
nk = residual (0-c) 
&I = zero set bias 
A t  = timing error 
& = rate of change of the observation. 
Table D2 presents a summary of the (base frequency) range rate biases determined for each 
ET Doppler data over the entire period of the study, July 9-26, July 31-Auest 7, 
1966. In each 2-day Doppler orbital solution, the range rate biases for every pass were dmamlically 
determined along with the state vector. 
*These timing biases could possibly be attributed to hardware or to an orbital error or a combination of both. 
Table Dl  
Timing Biases Found in the TRANET Doppler Data, July 17-20, 1966. 
- 
Mean Timing 
Er ro r  k 1 Standard 
Deviation 
(msecs.) 
0.0 k 3.2 
2.7 k 5.5 
Timing Er ro r  
(msecs.) 
-0.6 
-1.5 
1.8 
-7.3 
-4.1 
4.1 
1.2 
1.4 
4.4 
6.6 
-2.2 
-1.8 
-1.8 
4.4 
5.5 
1.9 
-0.5 
0.6 
-5.0 
-1.2 
-1.7 
3.8 
-1.7 
4.8 
-1.0 
-5.4 
-3.3 
-0.4 
0.6 
-3.6 
7.4 
-3.1 
5.6 
1.6 
1.9 
-0.1 
-7.3 
-0.6 
-9.3 
9.3 
2.1 
-3.9 
7.0 
-1.1 
Station 
APLMND 
LASHM2 
ANCHOR 
LACRES 
WAHI WA 
Day 
(1966) 
July 17 
July 18 
July 17 
July 18 
July 17 
July 18 
July 17 
July 18 
July 17 
July 18 
Start 
3 :28 
5:36 
7:40 
9:49 
11:55 
14 : 02 
3:30 
5:38 
7:45 
14:06 
3 :42 
5:48 
7:54 
21:33 
23 :34 
1:40 
3 :49 
5:53 
7:58 
21:38 
7 :34 
9:35 
11:40 
13 :43 
15 :49 
17 :53 
9 :39 
11:45 
13 :48 
15:53 
9 :43 
11:51 
13 :57 
5:29 
7:37 
9 :48 
11 :56 
14:Ol 
16:08 
15:59 
18:03 
7 :24 
16 :03 
18:07 
Pass  
End 
3 :47 
5 :54 
8:03 
10:14 
12 :23 
14 :26 
3 :52 
5:59 
8:08 
14:28 
4:09 
6:16 
8:20 
21:51 
23 :58 
2:05 
4:14 
6:20 
8 :24 
2 1 :56 
7 :52 
9 :58 
12 :04 
14:lO 
16 :15 
18:17 
10:03 
12 :09 
14 :15 
16 :19 
1 O : O l  
12 :15 
14:25 
5:50 
7 :57 
10:07 
12 :21 
14 :29 
16 :32 
16:20 
18:31 
7 :43 
1626 
18:35 
O'P- 
1.9- 
9'0 
8'1 
9'2- 
1.0- 
P'P- 
L'Z- 
9'0- 
P' 6 
6's- 
9'2- 
8.1- 
9'8 
Pfi'Z 
E.11 
T'E- 
L'Z 
6'P 
9'P 
6.1 
9'6 
2- 1 
9- 1 
6'1 
9.9- 
P'P- 
1.2- 
1.1- 
O'Z 
8'9- 
9's- 
1.0 
9.9- 
0';6 
6'6- 
L.l 
1.1 
9'01 
6'P 
L'9- 
9' 1 
9.0 
Z' z 
Table D2 
Summary of Range Rate Biases  Found in the  TEeANET Doppler Data. 
ANCHOR 
WJA WA 
LACRES 
APLMND 
~ s m 2  
ANCHOR 
'irii-4 EP][WA 
LACHES 
A P L M m  
EASB3X?2 
ANCHOR 
WAHWA 
LACRES 
APLMND 
L ~ S ~ Z  
ANCHOR 
WAHnWA 
EACRES 
APLlMND 
m s m 2  
ANCHOR 
WJAMaNn 
LACRES 
APLMND 
L A S m 2  
ANCHOR 
WAPfIWA 
LACRES 
APLMNO 
m s m 2  
ANCHOR 
WAmWA 
LACRES 
APLMNG 
usm2 
Number oj 
P a s s e s  
Mean Wange Rate 
B i a s  A 1 Standard 
Deviation 
(cm/sec) 
2-Day A r c  
(1966) Station 
Mean Range Rate 
Number of Bias  i 1 Standard 
P a s s e s  Deviation 
(cm/sec)  
Ju ly  23 -24 
Ju ly  25-26 
July 3 1  - 
August 1 
August 2-3 
August 4-5 
August 6-7 
ANCHOR 
WAWIWA 
U C R E S  
APLMND 
LASWRI2 
ANCHOR 
WAWIWA 
LACRES 
APLMND 
LASI41V12 
ANCHOR 
WAWIWA 
LACRES 
APLMND 
L A s m 2  
ANCHOR 
WAWWA 
LACRES 
APLMND 
u s m 2  
ANCHOR 
WArnWA 
LACRES 
APLMND 
U S m 2  
ANCHOR 
WAHWA 
LACRES 
APLMNlD 
LASWXl2 
Appendix E 
e-Rate (Base Frequency) Biases in the Doppler 
Data as Determined in Varying Arc Length Solutions 
The two tables of this appendix present the results of the study to determine the irndependenee 
of the range rate bias adjustment on the ET Doppler data with respect to orbital arc length. 
Table E l  presents the 44 Doppler passes in the 2-day period of July 17-18, 1966 which were used 
in this report and the range rate biases that were dynamically determined for each pass in differ- 
ing a r c  length solutions (2, 1-1/2, 1, and 1/2 day arcs). Table E3 presents the same hiormation 
for the 44 Doppler passes used in the 2-day period of July 19-20, 1966. 
Table E l  
TRANET Doppler Range Rate Bias Adjustment a s  Determinkd in Various 
Arc Length Solutions Over July 17-18, 1966. 



Table E1 (Continued) 
Adjusted 
R Bias 
(cm/sec) 
Mean k 
Bias & 1 Wandard 
Deviation 
(cm/sec) 
Table El (Continued) 
Table E2 
TRANET Doppler Range Rate Bias Adjustment as Determined in Various Arc Lengih 
Solutions Over July 19-20, 1966. 



l'nblc E:! (Continued) 
July 20 
21:44 22:13 
Pass for  Which R Bias 
J is Computed I------ 
Day 
Start 
Table E2 (Continued) 
End 
Mean It 
- -I 
Bias * 1 Standard 
Deviation 
(cm/sec)  
8.4 5 1.2 
10.5 + 0.9 
J 
7 I LASXMP 
j (continued) 
I 
I 
i 1 
i 
R Bias 
Adjusted 
(cm/sec)  
7.6 
8.3 
7.4 
8.1 
10.5 
10.7 
11.1 
9.2 
11.1 
Arcs  Used 
July 20 
8:07 8:36 
Length 
in Days 
2 
1-1/2 
1-1/2 
1 
1/2 
2 
1-1/2 
1 
1/2 
Epoch 
(July, 1966) 
Day 
19 
19  
19 
2 0 
20 
19 
19 
20 
2 0 
Hour 
0 
0 
12 
0 
0 
0 
12 
0 
12 
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ABSTRACT 
A calibration project for the C-Band Radar Network is 
currently in progress at NASA/Wallops Station. The 
project objectives, unique data processing problems, 
and accomplishments are summarized. Recommendations 
are presented for future radar calibration projects, 
1. GEOS-I1 C-BAND PROJECT 
1.1 I n t r o d u c t i o n  
P r i o r  t o  t h e  launch of t h e  GEOS-I1 s a t e l l i t e ,  i t  was r e a l i z e d  
t h a t  d a t a  from t h e  worldwide C-Band r a d a r s  were p o t e n t i a l l y  o f  great 
b e n e f i t  t o  geodesy. The C-Band r a d a r  s i t e s  no t  on ly  have good g e o -  
g r aph ic  d i s t r i b u t i o n  (Figure  1 ) ,  b u t  a r e  capable  of a l l - w e a t h e r ,  
ho r i zon - to -ho r i zon  t r a c k i n g  a t  r a t e s  a s  h igh  as 4 0  obse rva t ions  p e r  
second.  F u r t h e r ,  t h e  ma jo r i t y  o f  t h e s e  r a d a r s  p rov ide  unambiguous 
ranging t o  3 2 , 0 0 0  n a u t i c a l  m i l e s .  However, t h e  accuracy of t h e s e  
r a d a r s  had n o t  been e s t a b l i s h e d  due t o  t h e  l a c k  of a  s u i t a b l e  c a l i -  
b r a t i o n  t a r g e t  a t  s a t e l l i t e  d i s t a n c e s .  
Since  February of  1968, bo th  land-based and shipborne C-Band 
r a d a r s  have success fu lLy  t r acked  a  C-Band t ransponder  on board t h e  
GEOS-I1 s a t e l l i t e .  The primary goa ls  o f  t h i s  GEOS-I1 P r o j e c t  a r e :  

a) To provide geodetic scale for the interim NASA unified 
network. 
b) To better determine the absolute accuracy of instrumentation 
radar systems, develop refined methods of calibrating these 
systems, and improve the techniques employed in processing 
the associated data. 
c) To better determine the geodetic location of the C-Band 
radar sites and their intersite distances. 
d) To compare and correlate results obtained from other GEOS-R 
systems with those obtained by the C-Band system. 
e) To make generally available the results of both the C-Band 
system calibration and geodetic investigations. 
These objectives will assist specifically in meeting the GEOS Program 
objectives stated in the GEOS-A Mission Plan. 
1.2 Accomplishments to Date 
A team comprised of radar engineers and geodetic software special- 
ists from NASA/Wallops Station, Wolf Research and Development*, and 
RCA/Moorestown**, has designed controlled radar studies involving data 
acquisition, reduction and analysis. The accomplishments to date 
include : 
a) Ascertained the range accuracy of properly operated and 
ground calibrated C-Band radars. Wallops Station's results 
indicate that the AN/FPS-16 and AN/FPQ-6 radars are capable 
of providing range data at satellite distances with an 
accuracy of 1 - 4 meters, with an RMS noise of  approximate:^ 
1.2 
one meter . 
b) Recovered a composite set of resonant geopotential c s e f f i c -  
ients for GEOS-11, from C-Band radar data alone, which 
improved orbital accuracies? 
k 
Contracts NAS6-1467 and NAS6-1628 with NASA/Wallops 
* *  
Subcontractor to Wolf Research and Development Corporation 
c )  Recovered geodetic positions of Apollo tracking ships 
utilizing data from skip-borne and land-based radars? 
d] Utilized pulse doppler system of Wallops AN/FPQ-6 to 
generate range-rate-derived range measurements. The 
resulting ranges illustrate RMS noise values as low 
as 0.0006 meters from short arc orbital fits? 
el Improved procedures for radar calibrations which are 
applicable to all radar systems. 
f) Recovered significant range, angle, and timing biases 
for several of the C-Band radars. 
g) Determined improved geodetic coordinates and intersite 
distances for participating radars! 
h ]  Filtered radar data to reduce storage requirements and 
computer time, but retains Statistical content. 
2 ,  DATA PROBLEMS ENCOUNTERED AND RESOLVED 
It Jwas of course anticipated that each radar site could have 
~ine or measurement biases, or that the station coordinates may be 
in error. In the course of this study, several other problem areas 
have been encountered and resolved. The most significant of these 
have been 
a) pulse-width mismatch 
b )  range calibration target refraction 
c] radar operatorldata analyst interface 
2,B Pulse-Width Mismatch 
Since the radar can only be calibrated using its own transmitter's 
output pulse width, a transponder-generated return pulse will introduce 
some pulse-width dependent range bias error. The range bias, B 
P' 
c a u s e d  by the pulse-width mismatch is approximately7-* 
where 
PR = pulse-width received from transponder, in ysec 
PC = radar calibration pulse-width, in ysec 
The effect of the pulse-width mismatch was particularly brought 
to light when it was observed that a 35-meter range bias existed 3e- 
tween the Bermuda AN/FPS-16 and AN/FPQ-6 radars with the AN/FPQ-6 
measuring longer. Upon our request, Bermuda personnel measured the 
radars' pulse widths and found that their nominal 0.5 ysec pulse- 
9 
widths actually were 0.38 ysec (AN/FPQ-6) and 0.55 ysec (AN/FPS-161, 
The pulsewidth mismatch, its cause and its effect, are discussed in 
considerably more detail in reference 7. 
2.2 Range Calibration Target Refraction 
Radar range measurements are made on a well-surveyed calibrat~on 
target, both prior to and after each satellite track to obtain zero- 
set corrections for the track data. The multi-station reductions 
currently being performed have promoted the realization that signi- 
ficant range errors (range measurements are short) will result if 
refraction effects are not taken into account during the range target 
calibration. This error is nominally as large as 13 meters ( T a b l e  1) 
for the Carnarvon AN/FPQ-6 radar, due to the fact that %heir range cali- 
bration target is approximately 30 miles distant. For other r a d a r s ,  this 
error is normally 1 - 2 meters. 
2.3 Radar Operator/Data Analyst Interface 
As a result of the data used in the Network evaluation coming 
from many different radars and agencies, a communication probl-em 
developed. Information pertinent to the data reduction and analysis 
such as detailed calibration procedures at individual sites was not 
readily available. 

Preliminary results concerning the individual radars have 
been sent to the participating radar sites and the radar system 
operators are now more cognizant of the objectives of the study 
being performed at NASA/Wallops Station. More information con- 
cerning on-site data corrections, radar timing systems, and site 
operating procedures is being provided. 
EXPERIMENT DESCRIPTIONS 
3.1 Achievable Range Accuracy 
Generally speaking, the C-Band radars are unmatched as geodetic 
instrumentation in terms of dependability, consistency, or precision, 
The calibration project personnel at Wallops Island have been con- 
cerned with assessing or achieving accuracy. To achieve this goa?, 
the following studies have been performed: 
a) Radar parameters have been varied during tracks of GEOS-91, 
After short-arc orbital reductions, the residuals show 
effects on the range measurements of changing parameters 
such as pulsewidth, bandwidth and prf (Figure 2). 
- 
b) Collocated radar range residuals have been compared to 
assess relative accuracies. Five meters of the observed 
Wallops FPS-16 minus FPQ-6 range differences (shown in 
Figure 3) are attributable to the FPS-16's use of a water 
tank for calibration, rather than a point source. 
c) Collocated laser and radar range residuals have been corn- 
pared as an independent accuracy check (Table 2). The 
average Wallops Island Collocation Experiment (WICE) 
Laser/FPQ-6 range difference was only 0.5 meters. 
d) Unweighted WICE radar and laser range measurement were com- 
pared with an optically-determined orbit. The results are 
shown in Table 3. 
": FIGURE 2 
. . 
I ,  
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3 , 2  Recovery of Resonance Coefficients 
A composite set of order resonance coefficients have been 
recovered for GEOS-I1 using only radar data. Table 4 lists these 
recovered coefficients, along with a residual fit comparison for 
orbital solutions before and after coefficient recovery. 
3 - 3  S h i ~  Radar Calibration and Position Recoverv 
Dr, Martin is presenting a separate paper at this conference 
on this subject. 
3.4 Coherent Signal Processing (CSP) Ranges 
The CSP range-rates from the Wallops AN/FPQ-6 radar have been 
integrated to CSP ranges. Not only do these CSP ranges provide very 
low noise ranges, but even short bursts of CSP range data provide 
relatively accurate orbits. 
In a recent experiment, three different determinations of an 
orbit were made, each using only data from the same 20 second time 
span, including PCA. The first orbit was determined using the 
normal range, azimuth, and elevation measurements from the skin-track 
data, The second orbit determination was made using CSP ranges in 
place of the normal ranges used on orbit 1. The third orbit was com- 
puted using filtered CSP ranges. The RMS of fit for each solution 
is shown in Figure 4. 
Unweighted collocated laser data was used to assess the orbital 
accuracies of each solution. The laser residuals plotted in Figure 4 
clearly show a marked improvement in orbital determination with the 
use of CSP ranges. 
3 - 5  Improved Radar Site Geodetic Coordinates 
Improved station coordinates on a common datum have been determined 
far many of the C-Band sites. Mr. Leitao is presenting a separate 
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paper on this subject at this Conference. 
3.6 Data Filtering 
Due to the data gathering ability fo the C-Band radars, filtering 
programs have been developed to reduce the data storage requirements 
and computer time for orbital solutions; however, the statistical 
content of the data is retained. 
Figure 5 compares filtered and unfiltered range residuals. A 
time-tag truncation problem in the NGSP data format is revealed, 
4. CONCLUSIONS AND RECOMMENDATIONS 
4.1 Software Development 
The radar hardware provides data with excellent inherent pre- 
cision. The proper software development and data analysis is necessary, 
however, to assess and achieve accuracy. 
4.2 Future C-Band Satellite Transponders 
It would not have been possible to recover the radar calibratio~ 
information without a satellite such as GEOS-11. Due to the install- 
ation of new radars and the modification of existing radars, future 
satellites with C-Band transponders are required. It would be v e r y  
desirable if these transponders could be manufactured such that they 
were pulse-width sensitive; that is, they would respond with the same 
pulsewidth as the interrogation pulsewidth from the radar. It would 
be of benefit also, if future satellite transponders were coherent 
so that valid range-rate measurements would not have to be restricted 
to relatively low-signal skin tracking. 
4.3 Radar Site Operations 
The C-Band radars have all been built to government specifications; 
these specifications include multiple switches for the radar operator 
to change to allow for a wide dynamic range of tracking conditiogs, 

However, the calibrations performed at Wallops Island illustrate 
clearly that the majority of these switches affect the measurements 
It is a pre-requisite to all radar calibration that all satellite 
tracking be performed in a consistent manner. 
4.4 Radar Data 
Steady progress has been made during this radar calibration 
project. We have become increasingly aware of the factors which 
affect the radar measurements, such as pulsewidth mismatch, con- 
figuration of the range calibration target, and calibration teehni- 
ques. In view of this increased knowledge, we offer to provide f i n e -  
grain data corrections, where necessary, for that C-Band radar data 
which has been earlier distributed to others in the geodetic commuriity. 
We also invite other geodetic investigators to utilize our data, 
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THE JUPITER (3AMEXA INTERCOMPARISQM TEST 
Fra& G. Rawlinson 
David W. Harris  
John H. Berbert 
John D. Oosterhout 
Goddard Space F l i g h t  Center 
From November, 1965 t o  May, 1966, a t e e t  was conducted a t  J u p i t e r ,  
F lo r ida  t o  compare t h e  various cameras used i n  t h e  t racking of GBOS-I. 
The cameras used i n  t h i s  t e s t  were: 
Camera Focal Length 
1 )  SAO Baker-Num 
2) SAO K50 
3)  Pe-1000 
4) MOTS-40 
5) PTH-100 
6) MOTS-24 
7)  BC4 
Three of these  cameras, t h e  MOTS-40, the E-1000, and the  PTH-100 have 
i d e n t i c a l  lens  systems. 
The SAO cameras were operated by Smithsonian Astrophysical Observatory 
(SAO) personnel,  the  PC-1000 was operated by A i r  Force personnel and the 
remaining four  cameras were operated under contrac t  from GSFC by Bendix 
F i e l d  Engineering personnel. 
A 1 1  of these  cameras were located within t h i r t y  meters of each other  
t o  minimize ground para l lax .  The GEQS-I s a t e l l i t e  was tracked by a l l  of the  
cameras f o r  a period of severa l  months i n  order  t o  acc l a t e  a s e t  of 
simultaneous obsenrations f o r  the  intercomparison study. 
The d a t a  taken was reduced by the  various agencies using t h e  techniques 
described i n  the  "Preprocessing of Optical  S a t e l l i t e  Observations" by 
Frank Donald Hotter.  This is the  Ohio S t a t e  University Deparment of &odetie 
Science Report No. 82 as revised i n  May, 1968. 
The da ta  from t h e  four  cameras operated f o r  CSFC was reduced by New 
Mexico S t a t e  Universi ty under a con t rac t  from GSFC. The technique described 
i n  t h e  above repor t  f o r  the  mTS-40 reduction was w e d  on a l l  of theeae 
c m e r a s  with appropriate modificat ion f o r  the  two b a l l i s t i c  earneras. 
Operational p r o b l w  were encountered with the  four  cameras operated 
f o r  G5FG h i c h  increased the  d i f f i c u l t y  of the  reduction and l ed  t o  a delay 
in repor t ing of the  r e s u l t s .  m e s e  probl- w i l l  be de ta i l ed  m r e  f u l l y  
i n  a repor t  t o  be issued on t h e  J u p i t e r  experiment i n  the  near fu ture .  
A s p e c i a l  problem occurred with t h e  BC4 c m e r a .  m e  t o  operator  e r r o r  
a posaibjie time e r r o r  may have been introduced i n t o  the  s t a r  c a l i b r a t i o n  
times of the  p l a t e s  taken by t h i s  e m e r a ,  This e r r o r  i s  i n  the  range of 
0 to 300 milliseconds and va r ies  from p l a t e  t o  p la te .  mis  lead^ t o  a varying 
biaa in Right A~scension and is probably no t  recoverable. 
The data  from t h i s  experiment did not  p r m i d e  as  high a degree of 
~Lmultaneous observations as  was desired.  Currently the re  a r e  65 passes 
in the Data Center from J u p i t e r  which have two or m r e  cameras obseming 
the sm1e pass. Of these  65 passes about 50 percent cons i s t  of two o r  th ree  
s i m l  taneous carnera s e t s .  
The r e s u l t s  presented i n  t h i s  paper a r e  preliminary as  a l l  of the  65 
passes have not been analyzed. A more complete paper w i l l  be published 
In the near fu tu re  giving a more extensive analys is  of the  J u p i t e r  experiment, 
Forty-two (42) passes have been analyzed i n  p a r t  and the  r e s u l t s  a r e  reported 
here. The data  i n  t h i s  s e t  f o r  t h e  two SAO cameras is  the  cur ren t  da ta  i n  
t h e  Data Center. The correc t ions  f o r  p a r a l l a c t i c  r e f r a c t i o n  and diurnal  
aberra t ion were not  applied t o  the  SAO data  i n  t h i s  preliminary analys is .  4 
These correct ions  a r e  small. Para lac t ic  r e f r a c t i o n  is  on the  order  of 
0,150 seconds of a r c  and d iu rna l  aberra t ion is a maximm of 0.290 seconds 
of arc, These correc t ions  w i l l  be applied t o  t h e  SAO data  i n  the  f i n a l  
report, The data  i n  t h i s  s e t  f o r  the  PC-1000 was obtained from the  Data 
Center i n  December, 1969. Since t h a t  time the  Aeronautical Chart and 
I n f o m a t i o n  Center (ACIC) has resubmitted t h e i r  J u p i t e r  da ta  t o  t h e  Data 
Center, I n  t h i s  recent  subfiission the  t o t a l  nmber  of passes was m r k e d l y  
reduced. It was decided t o  use t h e  data  from the  e a r l i e r  s e t  f o r  t h i s  
lnltial inves t iga t ion  i n  order t o  obta in  a reasonable nmber  of passes. 
A preliminary cmpar ison was done with the  two submissions (on four of t h e  
passes i n  both) and the  changes were found t o  be  small. The Right Ascension 
d i d  not change. The change i n  Declination was about 0.003 seconds of arc.  
The da ta  included f o r  the  four cameras operated f o r  GSFC cons i s t s  of 
passes t h a t  a r e  in t h e  Data Center current ly .  I%owever, f o r  t h i s  preliminary 
inves t iga t ion  they were re-reduced using a reduction program which solves 
f o r  the elements of i n t e r i o r  o r i e n t a t i o n  separa te ly  on each p la te ,  I n  
this reduction the  correc t ion f o r  decentering d i s t o r t i o n  is not  included. 
This was done as  a s p e c i a l  t e e t  t o  i n v e s t i g a t e  rsme of t h e  opera t ional  
p r o b l w  t h a t  occurred with these  cmerae .  This w i l l  be discussed in t h e  
f ina l  relpsrt. 
The i n i t i a l  approach adopted to  compare the various cameras was to f i t  
the observations from each pass t o  a c n trajectory. A l l  the camera8 
were given a weight of one i n  th i s  curve f i t t i n g  except the X 4  which was 
given a weight of zero because of the possible timing p r o b l a .  The Nonme 
o rb i t  generator progrm was ueed t o  do the curve f i t t i n g  and produce the 
res iduals . 
The table included presents the resul ts  of th i s  e f for t .  The residual8 
given a re  in  Right Ascension and Declination. m e  s t a t i s t i c  quoted i n  the 
table  i s  the I@% of the residuals for  each coordinate of the f lash imges 
om the plate. I n  most cages there were seven images present. The Right 
Ascension values a re  i n  seconds of arc and had been modified by the usual 
cosine of Declination factor.  The Declination values a re  also i n  second8 
of arc ,  A t  the bottom of the second page of the table  the averages of 
i n  the table a re  given. 
h can be seen from the table ,  three of the cameras produced a larger  
nwber of observations fo r  the 42 paeeee then the othere. The breakdotstnt 
isr as f o l l m :  
1) SAO Baker-Nunn 32 passes 
2) MOTS-40 26 passes 
3 )  PC-1000 20 passes 
4) SAO K50 10 passes 
5) MOTS-24 10 passes 
6 )  PTW-100 9 passes 
7 )  BC4 8 passes 
The data contained i n  the table  indicates the presence of three basic 
camera groupings. This can be seen from the average values given a t  the 
end of the table. There i s e a  four camera group consisting of the K50, the  
Baker-Nunn, the MIOTS-40, and the PC-1000 whose average values a re  s l igh t ly  
smaller than those of the other groups. This group's average values are 
on the order of 1.5 seconds of arc. The two camera group, consisting of 
the MOTS-24 and the PTN-100, has average values on the order of 2.0 seconds 
of arc. 
The BC4 camera's average values a re  higher than those of the other 
two groups being on the order of 3.3 seconds of arc. This is due i n  
par t  t o  the possible timing p r o b l a .  What part ,  i f  any,is due to  the 
character is t ics  of the camera is  being investigated. 
The analysis of the r a u l t s  of the Jupi ter  experiment is s t i l l  in 
process. A s  was s ta ted  ea r l i e r  a m r e  detailed report w i l l  be pb l i shed  
i n  the near future. 
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@or-H and G~o~P- IP  m S  Gmera Operatiem, 
Data Anca%ysis @ad bp@r.Lm'~te  
David Id. mrrls 
bddard  Space FPLgha: Celntar 
MOTS cannesa operatiom on &oe-XI were concluded DeeeDDber 22, 1969, 
By tha t  t%me, the 40-imeh focal lmg&,  8-inch aperture cmerae had emp i l ed  
a strbseeatlal W u n t  of data m both hoe-P  and Geoe-PI, The percentage of 
eueeaeses t o  a t t e e a d  o p e r a e l m  a d  ass igmsnt r  f o r  saeh EB0m s t a t i o a  
grmided ia Table 1, 
Table 1 
h o s  Btssulre 
. . 
Gees Geoe -11 
STATION ~ T S  OPERATPOIE~~I SUCCESSES/ QP&RATIONS/  SUCCESS^/ 
lWM3ER STATION ASSIGNMENTS OPERATIONS ASSIGNMENTS OPERATIONEE 
BmIm 
F 
wwm 
O R O W  
QUPTQE 
LZEiIAPU 
SNTACX) 
WJmE 
JOBURG 
MADM 
NmJFLD 
GOLEGE 
A M M A  
E D H B G  
e 
B 
PURICO 
GSFCPO 
GSFCNF 
DENVER 
CWUE 
JUPTER 
SUDBRY 
JMCA 
mAKA 
For Geos-I, 9,500 p l a t e s  ware exposed m d  5,576 were found t o  conta in  
t h e  s a t e l l i t e  f lashee.  b s u l t e  from more then 3,300 of these  p l a t e s ,  
represent ing m r e  than 21,000 f lashes  a r e  now on tape i n  the  Data Center. 
RseuPc& f o r  &as-IB show tha t  7,891 plates wee@ sxposed, 5,714 of them 
containing f lashes .  By June 15, 1930, reduetions of more than 2,500 
Geoa-II p l a t e s  were submitted t o  t h e  Data Center, Approximately 1,000 
more p la tes  a r e  t o  be  zeduced, X t  i s  an t i c ipa ted  t h a t  a l l  the  W n  da ta  
:for tkheae tw epaceeraf t  w i l l  be ouppaisd t o  the  Data Center p r i o r  Lo 
January, 1971. 
P r i o r  t o  su&R1ission t o  t h e  Data Center, the  reduced o p t i c a l  observations 
are processed through a v a l i d a t i o n  program. TZae r i g h t  ascensions and 
dec l ina t ions  from t h e  reductions a r e  cmpared t o  a reference o r b i t  obtained 
from an independent t racking sys5ern. The gates  applied,  &ich deternine  
laghethes o r  not  an obsemat ion has passed t h e  va l ida t ion  rout ine ,  is  
quarposely s e t  wide enough t o  remove only obvious o u t l i e r s .  A comprehensive 
r e p o r t  on the  v a l i d a t i o n  procedure 2s presented i n  the  Goddard Space F l i g h t  
Center (GFC) document, Y 
X-514-69-83, 
In J a n ~ a r y ~ k 9 6 9 ,  while analyzing t h e  Geos-I v a l i d a t i o n  r e s u l t s ,  i t  
became apparent t h a t  a s u b t l e  e r r o r  ex i s t ed  i n  the  HOTS reduction rou t ine  
as employed by t h e  reduction group a t  New Mexico S t a t e  Tdniversity (MU). 
The error, occurring only when the  carnera was pointed a t  o r  near  t h e  
s t a t i o n ' s  l o c a l  meridian ( i .e ,  an azimuth a t  o r  near 0 o r  180 degrees) ,  
varied i n  magnitude from only hmdredths of an a r c  second t o  nea r ly  50 
seconds of a r c  depending upon t h e  azimuth-elevation angles of t h e  camera 
axis, The da ta  containing t h e  l a r g e r  e r r o r s  were flagged by t h e  va l ida t ion  
rout ine  and were never submitted t o  t h e  Data Center . .  However, m r e  than 
380 pla tes  containing smal ler  e r r o r s  of l e s s  then 10 a r c  seconds were 
provided t o  t h e  Data Center before  the  problem was detected.  We-reductions, 
using correc ted  fonrmlations were conducted and the  new r e s u l t s  submitted 
t o  the  Data Center i n  June 1969. MOTS obsemat ion  tapes provided by the  
center a f t e r  October 9, 1969, conta in  t h e  cor rec t  i n f o m a t i o n  and should 
be used i n  l i e u  of t h e  e a r l i e r  data.  A l i s t  of t h e  N T S  pla tes  a f fec ted  
by this problem is provided i n  t h e  above mentioned GSFC document X-514-69-83, 
A s  is  80 o f t e n  the  case,  t h e  e r r o r  was inadver tent ly  introduced while 
attempring to  remove a nea r ly  i n s i g n i f i c a n t  source of b ias .  It was r e a l i z e d  
that d u r h g  a Geos opera t ion,  t h e  s i d e r e a l l y  dr iven MOTS camera images the  
reference  s t a r s  a t  very  s l i g h t l y  d i f f e r e n t  pos i t ions  due t o  d i f f e r e n t i a l  
a t m a p h e r i c  r e f r a c t i o n  during the  24 seconds of p l a t e  exposure. Tkhe method 
introduced t o  handle t h i s  condit ion was t o  compute t h e  camera o r i e n t a t i o n  
angles, azinruth, e l eva t ion  and t f l t  f o r  t h e  cen te r  f l a s h  of t h e  sequence 
(eqcbvalenr to the  measured cen te r  of t h e  s t e l l a r  images) and by d i f f e r e n t i a l  
fom ob ta in  the  o r i e n t a t i o n  angles t o  t h e  e a r l i e r  and l a t e r  f lashes .  I n  
chfe technique, h e n  the c a m r a  had c e r t a i n  angles (near the  l o c a l  meridbian), 
the t r i g s n m t r i c  functlone uead ia t h e  cmputa t ione  rap id ly  approach& 
i n f i n i t y  and accuracy wae l o s t .  The program has been correc ted  by exchanging 
the  d i f f e r e n t i a l  fo,m of o r i e n t a t i o n  angle computation f o r  an exact  cmputa- 
t i o n  f o r  each des i red  f l a s h  t i m e .  
h r i n g  the  a c t i v e  t racking period of Geos-I, a camera s e n s i t i v i t y  and 
t racking accuracy experiment siras conducted a t  J u p i t e r ,  F lor ida .  S ix  cmeraB 
were placed wi th in  30 meters of t h e  Baker-Hunn camera located there .  By 
simultaneoualg obeaming the s a t e l l i t e  f l a s h e s ,  the reduced obeervatisns 
may be empared and the  r e l a t i v e  accuracies of t h e  cameras determined. A 
cbanpreB~ensive repor t  ow t h i s  phase of the  experiment is expected t o  be 
published by t h e  G5FC s h o r t l y .  
A photometer waa a l s o  s i t u a t e d  a t  t h e  J u p i t e r  s t a t i o n  during the  
experiment. By obseming the  s t a r s  i n  the  region of t h e  e a t e l l i t e  passage 
with the  photomes;er, a value  f o r  the  atmospheric a t t enua t ion  may be  
computed. Measurement of the  diameters of t h e  recorded f l a s h  images then 
akl.ow f o r  a d e t e m i n a t i s n  s f  the  s e n s i t i v i t y  of the  camera system. The 
r e s u l t s  were published i n  t h e  =PC document, GEOS Tracking Camera Sensk t lvm;  
Report, X-514-69-533. 
- -
Br ie f ly ,  the  MOTS-40 camera r e s u l t s  from J u p i t e r  i n d i c a t e  t h a t  the  
camera-ernulsion combination used appears t o  be more s e n s i t i v e  providing 
l a r g e r  d i m e t e r  images, than estimated p r i o r  t o  the  launch of Qos-I.  
However, because of opera t ional  d i f f i c u l t i e s  and changes made a t  the  J u p i t e r  
s t a t i o n  during t h e  t e s t  period,  i t  i s  poss ib le  t h a t  the  l a r g e r  images a r e  
due t o  focus problem and the re fo re  the  r e e u l t s  may not  be t r u l y  r ep resen ta t ive  
of a l l  the  mTS cameras. Unti l  such time when another t e s t  can be  conducted 
under more u n i f o m  opera t ional  condit ione,  t h e  a p r i o r s  values used t o  
de ternine  the  mount  of i l luminat ion  needed t o  ob ta in  a reducible  f l a s h  image 
should conbinue t o  be  used. 
MOTS Camera Drive Evaluation 
The accuracy of a s i d e r e a l l y  dr iven camera system has been an unanswered 
quest ion.  In connection with t h e  evaluat ion of the accuracy of t h e  MOTS emera 
da ta ,  an axaakyale of t h e  camera d r ive  system was undertaken. A r epor t  covering 
t h i s  sub jec t  has been prepared under the  t i t l e  h a l y s e s  of the  WTS Camera 
Drive, X-514-69-482, The r epor t  describes t h e  t e s t s  conducted and presents  
the  r e s u l t s  f o r  a mmber of individual  MOTS cameras. In  general ,  the 
conelus ions reached f o r  the  "averageP%TS camera reveals  t h a t  ; 
1. The c m e r a  exh ib i t s  a per iodic  d r ive  o s c i l l a t i o n  on the  o rde r  of 
nea r ly  90 seconds of t i m e ,  
2 ,  For a s h o r t  @eos type exposure, depending upon the  pos i t ion  of the  
d r i v e  gear i n  its o s c i l l a t i o n ,  the  e r r o r  i n  the  f l a s h  pos i t ions  w i l l  vary 
from near ly  0 a r c  seconder t o  a m a a c i m m  of 22  a r c  seconds i n  r i g h t  ascension, 
3. The e r r o r  in dec l ina t ion  caused by d r i v e  o s c i l l a t i o n s  w i l l  be less 
ahan 5 second of a rc .  
Before any opera t iom are conducted on Geos-C, it  is an t i c ipa ted  that 
a technique f o r  smoothing out  the  drive o s c i l l a t i o n s  w i l l  be  incorporated 
i n t o  the  c m e a a  ayeem.  By t h i s  means, e r r o r s  i n  the  reduced da ta  due to 
t h e  s i d e r e a l  drive w i l l  be reduced t o  t h e  order of 21 a r c  second in both 
coordinates.  
